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1 . INTRODUCTION 

The  purpose  of  this  paper  is  to  examine  the  effects  of 
various  temporal  sampling  strategies  on  estimates  of  the 
time-mean  vertical  velocity  from  MST  radar  measurements. 
Because  the  spectrum  of  atmospheric  vertical  velocity  covers 
a complete  range  of  frequencies,  some  variance  will  be 
missed  whenever  the  temporal  sampling  is  not  continuous. 

This  unresolved,  or  missed,  variance  contributes  to  the 
uncertainty  of  mean  values  based  on  the  available  . 
observations  along  with  other  effects  such  as  aliasing  of 
the  observed  frequency  spectrum.  In  recent  years  there  have 
been  several  studies  which  have  used  time-means  of  the 
vertical  velocity.  For  example,  Nastrom,  et  al.(1985), 
compared  time-means  of  vertical  velocity  from  MST  radar 
measurements  with  large-scale  values  based  on  radiosonde 
data,  and  Larsen,  et  al.(1988),  compared  them  with  ECMWF 
model  forecasts  of  vertical  velocity.  Balsley,  et  al. 

(1988)  used  time  mean  vertical  velocities  to  study  tropical 
motions.  Strauch,  et  al.  (1987),  found  that  it  is  important 
to  include  the  effects  of  large  vertical  motion  in  the 
measurements  of  the  horizontal  wind  components  from 
obliquely  directed  radar  beams.  For  these  and  other 
purposes  it  is  important  to  use  the  sampling  strategy  which 
will  yield  the  mean  value  with  the  smallest  possible 
uncertainty  under  given  experimental  constraints,  and  to 
estimate  the  magnitude  of  the  uncertainty  once  a sampling 
strategy  is  selected.  This  paper  will  explore  these  issues. 

Data  used  for  this  study  are  vertical  velocities  from 
the  Flatland  VHF  radar.  The  radar  operating  parameters  and 
examples  of  the  data  are  given  by  Green,  et  al.  (1988). 
Briefly,  during  the  period  of  record  used  here,  March 
through  May,  1987,  the  radar  was  operated  with  one  beam 
which  was  pointed  vertically.  Doppler  spectra  were  average 
for  about  2.5  minutes  and  then  recorded  on  tape  along  with 
their  moments.  The  available  data  are  thus  quasi-continuous 
in  time  as  only  a few  seconds  gap  was  missed  each  data 
processing  and  recording  cycle.  In  practice,  some 
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observations  are  missing  due  to  insufficient  signal-to-noise 
ratio  of  the  doppler  spectrum,  or  other  problems  such  as 
contamination  by  aircraft.  Also,  there  are  occasional  short 
gaps  due  to  equipment  malfunction.  For  the  analyses  of 
frequency  spectra  and  the  autocorrelation  function  given 
here  a segment  of  data  was  not  used  at  a given  height  if  a 
gap  longer  than  10  minutes  was  found. 

2 . STATISTICAL  FEATURES 

The  fluctuation  of  vertical  velocity  at  Flatland  is 
primarily  due  to  short  period  gravity  waves.  This  can  be 
seen  in  the  frequency  spectrum  (Figure  1)  which  shows  that 
most  of  the  energy  falls  between  about  10  and  30  minutes 
period.  The  coordinates  in  Figure  1 are  area  preserving, 
i.e.,  the  variance  in  a given  frequency  band  is  proportional 
to  the  area  under  the  curve.  From  comparisons  with  a model 
of  a spectrum  of  gravity  waves  subjected  to  doppler  shifting 
by  horizontal  winds,  Van  Zandt,  et  al*  (1989),  conclude  that 
the  observed  spectrum  at  Flatland  is  due  mostly  to  gravity 
waves.  This  is  in  contrast  to  the  spectra  of  vertical 
velocity  at  locations  in  or  near  mountains  where  the 
vertical  velocity  spectra  show  the  effects  of  standing  lee 
wave  activity  as  reviewed  by  Ecklund,  et  al.  (1986). 

Because  a large  portion  of  the  variance  at  Flatland  is 
due  to  relatively  high  frequency  variations  we  should  expect 
that  a relatively  high  sampling  rate  will  be  required  to 

l^^g®  uncertainties  m mean  values  computed  from  the 
observations.  In  Figure  1 we  note  that  the  peak  variance  is 
found  at  about  12  minutes  period,  and  in  order  to  avoid 
serious  sampling  problems  we  might  expect  that  observations 
should  be  taken  more  often  than  about  half  this  period, 
i.e.,  every  6 minutes  or  so.  A more  rigorous  estimate  of 
the  time  between  independent  observations  can  be  obtained 
from  analyses  of  the  autocorrelation  function  as  discussed 
next. 

Figure  2 shows  the  autocorrelation  function,  R(t) , at 
Flatland  at  5 km  for  lags  less  than  about  15  minutes  and, 
for  comparison,  the  R(t)  functions  at  Poker  Flat,  Alaska, 
from  Nastrom  and  Gage  (1983) • R(t)  can  be  used  to  estimate 
the  effective  time  between  independent  observations  (T) 
using  the  relation  (Leith,  1973) 


T = 


dt 


(1) 


where  t is  the  lag;  an  important  application  of  T is  in 
computing  statistical  significance  levels  (Mitchell,  et  al., 
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1966) . Nastrom  and  Gage  (1983)  found  that  at  Poker  Flat  T 
ranged  from  about  15  minutes  for  the  curves  labeled  "winter 
1"  and  "summer",  which  represent  active  periods,  to  about  9 
minutes  for  the  curve  labeled  "winter  2",  which  represents 
guiet  periods.  There  were  not  enough  cases  to  prepare  a 
summer  curve  for  quiet  periods,  and  only  the  curve  for 
active  times  is  shown.  The  curve  labeled  "Flatland"  was 
prepared  by  averaging  the  autocorrelation  functions  from 
each  six-hour  period.  The  data  were  linearly  interpolated 
to  153-second  intervals  and  residuals  from  a linear  trend 
line  fit  by  least  squares  were  used  to  compute  R(t) . Note 
that  the  average  curve  at  Flatland  decreases  more  rapidly 
than  all  curves  from  Poker  Flat,  suggesting  that  the 
velocity  at  Flatland  has  a relatively  short 
"memory".  The  semi-logarithmic  plots  in  Figure  2 show  that 
an  appropriate  analytic  model  after  about  lag  5-minutes  is 
R(t)  - c exp(-vt).  At  shorter  lags  the  observed  curves  fall 
above  this  model , suggesting  that  the  observed 
autocorrelation  function  is  a mixed  first-order  moving 
average,  first-order  autoregressive  process  as  discussed  in 
more  detail  by  Nastrom  and  Gage  (1983).  Using  eq.  1 we 
estimate  that  T at  Flatland  is  5.1  minutes,  which  is  less 
than  for  all  the  curves  at  Poker  Flat.  Also,  we  note  that 
this  estimate  of  5.1  minutes  is  near  the  6 minutes  inferred 
above  from  Figure  1.  This  result  does  not  mean  that 
observations  should  be  taken  only  each  5.1  minutes,  but 
rather  that,  on  the  average,  independent  information  is 

only  this  rate.  In  fact,  considerable  uncertainty 
of  the  mean  is  found  when  only  every— other  observation  is 
used  (i.e.,  with  data  spaced  about  5.1  minutes),  as 
discussed  next. 

3 . EFFECTS  OF  SAMPLING  STRATEGY 

The  analysis  approach  we  will  use  will  be  to  form 
averages  over  one-  ,two-,  three-,  and  six-hour  periods  using 
the  complete  set  of  observations.  These  averages  will  be 
used  as  the  standards  for  comparison.  Next,  the  data  set 
will  be  degraded  to  simulate  various  sampling  strategies  and 
the  mean  values  thus  obtained  will  be  compared  with  the 
"true"  mean  values  based  on  complete  data.  This  procedure 
will  give  estimates  of  the  uncertainty  of  measurement  due  to 
temporal  sampling  strategy.  There  are,  of  course,  other 
sources  of  uncertainty,  such  as  system  limitations  and  the 
effects  of  spatial  averaging,  which  must  be  considered  in 
practice  and  which  are  beyond  the  scope  of  this  study. 


Four  schemes  were  used  to  illustrate  the  effects  of  a 
strategy  which  uses  incomplete  sampling.  Three  of  them  use 
one-half  of  the  data  but  in  varying  sized  segments:  the 
first  uses  alternate  observations,  the  second  uses  data  for 
every-other  10  minutes,  and  the  third  uses  data  for  every- 
other  30  minutes.  Each  of  these  could  simulate  a strategy 
applied  in  a field  experiment  where,  for  example,  the  radar 
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was  used  to  gather  vertical  data  half  of  the  time  and 
oblique  data  half  of  the  time.  The  fourth  strategy  uses 
data  for  the  first  12  minutes  of  each  hour,  similar  to  the 
observation  cycle  of  the  data  used  by  Larsen,  et  al.  (1988) • 
The  results  from  these  strategies  will  be  labeled  "alt  obs" , 
"0-10  min",  "0-30  min",  and  "12  min"  in  Figures  3 and  4 and 
in  Table  1. 

RMS  differences  between  mean  values  based  on  these  four 
sampling  strategies  and  the  "true"  mean  computed  from  all 
available  data  are  given  in  Figure  3 as  functions  of 
averaging  period.  Two  patterns  are  evident  in  Figure  3: 
first,  the  RMS  differences  decrease  with  increasing 
averaging  time.  This  decrease  is  consistent  with  the  notion 
that  the  degraded  observation  cycles  are  sufficient  to 
resolve  long-period  variations  reflected  in  the  left-hand 
tail  of  the  spectrum  in  Figure  1,  and  that  the  variance  due 
to  longer  periods  thus  contributes  to  the  uncertainty  of  the 
mean  only  for  shorter  averaging  periods. 

The  second  pattern  seen  in  Figure  3 is  that  larger  gaps 
between  data  samples  lead  to  larger  uncertainty  of  the 
estimates  of  the  mean.  This  effect  reflects  the  increased 
spectral  leakage  caused  by  longer  gaps  as  pointed  out  by 
Baer  and  Tribbia  (1976).  They  found  that  there  is  reduced 
spectral  fidelity  for  all  frequencies  higher  than  the 
frequency  corresponding  to  the  longest  gap  in  a data 
sequence.  The  reduced  spectral  fidelity  in  the  present 
context  leads  to  greater  uncertainty  of  the  estimate  of  the 
mean  value. 

Finally,  we  note  that  the  uncertainty  of  the  estimate 
of  the  mean  is  relatively  very  large  when  only  12  minutes  of 
data  per  hour  are  used.  For  a one-hour  averaging  period  the 
RMS  difference  from  the  true  mean  is  nearly  9 cm  s for 
this  strategy,  which  is  over  half  as  large  as  the  standard 
deviation  of  all  data  (about  14  cm  s ) . 

Other  statistical  quantities  can  be  used  to  illustrate 
the  patterns  seen  in  Figure  3.  For  example,  Figure  4 shows 
the  mean  deviation,  defined  as  the  average  absolute  value  of 
the  difference  between  the  true  mean  and  that  from  the 
various  sampling  strategies,  in  a format  similar  to  Figure 
3.  The  patterns  are  consistent  with  those  in  Figure  3, 
although  the  numerical  values  of  this  measure  of  uncertainty 
are  about  two-thirds  as  large  as  the  RMS  values. 

Another  measure  of  the  capability  of  one  estimate  of  the 
mean  to  track  the  true  mean  is  the  linear  correlation 
coefficient,  r.  Table  1 gives  the  values  of  r over  N pairs 
of  means  with  the  true  mean  for  the  same  averaging  times  and 
sampling  strategies  used  in  Figures  3 and  4.  The  percentage 
of  variance  in  one  variable  explained  by  another  is  given  by 
100  r . Applying  the  results  in  Table  1 shows  that  for  all 
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Figure  3.  RMS  difference  of  mean 
vertical  velocity  as  a function  of 
averaging  time  for  various  sampling 
strategies  from  the  mean  based  on 
complete  data. 


Figure  4.  As  in  Figure  3,  except 
for  the  mean  deviation,  i.e.,  the 
average  absolute  value  of  the 
differences  in  the  means. 


Table  1.  Correlation  of  mean  values  from  different  sampling 
strategies  with  the  "true"  mean  value. 
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averaging  periods  the  strategy  of  using  alternate  2.5  minute 
data  intervals  accounts  for  90  percent  or  more  of  the . 
variance  of  the  true  mean  in  all  cases  here,  while  using 
every-other  10-minute  period  accounts  for  over  80  percent  of 
the  variance  for  averaging  periods  of  2 hours  or  more.  At 
the  extreme,  using  only  the  first  12  minutes  of  each  hour 
the  estimates  of  the  means  account  for  less  than  50  percent 
of  the  variance  of  the  true  mean  except  for  the  6-hour 
averaging  period.  These  results  show  that  the  uncertainty 
of  estimates  of  the  mean  vertical  velocity  is  minimized  when 
the  average  length  of  gaps  in  the  data  is  minimized. 

4.  CONCLUSIONS. 

Analysis  of  vertical  velocities  measured  by  the  Flatland 
MST  radar  during  the  spring  of  1987  has  led  to  the  following 
conclusions : 

1.  The  autocorrelation  function  of  vertical  velocity 
resembles  that  expected  for  a mixed  first-order  moving- 
average,  first-order  autoregressive  process. 

2 . The  average  time  between  independent  observations  in 
the  data  from  Flatland  used  here  is  about  5 minutes. 

3 . The  uncertainty  of  the  mean  value  of  vertical 
velocity  decreases  as  the  averaging  period  used  to  compute 
the  mean  increases. 

4.  The  uncertainty  of  the  mean  value  of  vertical 
velocity  increases  as  the  length  of  gaps  in  the  data 
increases.  Because  of  this  effect,  every  effort  should  be 
made  to  minimize  gaps  in  samples  of  vertical  velocity  in 
future  field  programs. 

These  results  are  concerned  only  with  temporal  sampling, 
and  in  practice  other  effects  such  as  instrument  errors  may 
require  attention.  In  particular,  they  are  based  on  data 
from  a single  station,  and  neglect  any  sampling 
uncertainties  which  might  arise  from  spatial  variability. 

It  remains  as  a future  experiment  to  compare  averages  from 
nearby  stations  as  functions  of  averaging  time,  sampling 
strategy,  and  other  variables  to  study  such  effects. 
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A METHOD  FOR  SINGLE-RADAR  VORTICITY  MEASUREMENTS? 
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INTRODUCTION 

A common  mode  of  operation  for  conventional  meteorological  precipitation  radars  has  been  the  VAD 
(Variable  Azimuth  Display)  method  in  which  the  antenna  is  kept  at  a constant  zenith  angle  but 
scanned  in  azimuth.  The  measurements  then  provide  the  line-of-sight  velocity  as  a function  of  azimuth 
for  the  particular  elevation  used  in  the  scan.  BROWNING  AND  WEXLER  (1968)  and  WILSON  AND 
MILLER  (1972)  have  discussed  the  various  flow-field  parameters  that  can  be  derived  from  the 
measurements  in  some  detail.  For  example,  the  best  fit  of  the  first  harmonic  to  the  line-of-sight 
velocity  variation  over  360*  gives  the  direction  and  magnitude  of  the  mean  wind  over  the  sampled  area. 
The  average  of  the  line-of-sight  velocities,  i.  e.,  the  zeroth  harmonic,  indicates  either  a vertical  velocity 
or  a divergence  in  the  horizontal  flow.  The  wind  field  deformation  can  also  be  calculated  from  the 
measured  parameters  by  using  the  best  fit  harmonic  parameters.  In  theory,  higher  harmonics  can  be 
used  to  derive  information  about  the  second  and  higher  order  derivates  of  the  flow  over  the  sampled 
area,  but  the  information  has  never  been  used  in  practice,  to  my  knowledge. 

Although  the  VAD  technique  provides  a wealth  of  data,  there  are  two  disadvantages  to  the  method. 
The  first  is  that  there  is  an  ambiguity  between  the  divergence  and  vertical  velocity  contribution  to  the 
measurements.  The  second  is  that  the  method  does  not  provide  any  measurement  of  the  vorticity, 
which  is  another  fundamental  flow-field  parameter. 

RADAR  NETWORK  VORTICITY  MEASUREMENTS 

The  reason  for  the  lack  of  information  about  the  vorticity  in  a VAD  measurement  can  be  understood 
by  considering  the  method  for  calculating  the  divergence  and  vorticity  from  wind  measurements  over  a 
network  consisting  of  balloons,  radars,  or  other  instruments  that  provide  vector  winds  at  a series  of 
locations.  We  can  use  Stokes’  Theorem  to  write 

jvxv  d?=yv.dT  0) 

where  V is  the  horizontal  velocity  and  the  integration  for  the  line  integral  on  the  right  is  perimeter  of 
the  area  used  in  the  integral  on  the  left.  The  vorticity  on  the  left-hand-side  of  the  equation  can  be 
brought  outside  the  integral  if  the  value  is  constant  over  the  area.  Then 
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k-f^xV)  = I j/V-dT  (2) 

where  A is  the  total  area  and  k is  a unit  vector  pointing  vertically  upward.  If  the  vorticity  is  not 
constant,  the  calculated  value  becomes  the  average  value  over  the  area  enclosed  within  the  line  integral. 

A similar  expression  can  be  used  to  calculate  the  divergence  of  the  horizontal  wind,  namely 

V V = A /M^xdT)  (3) 

where  k is  a unit  vector  in  the  positive  vertical  direction.  At  least  three  vector  wind  measurements  in 
a triangular  array  are  needed  to  calculate  the  vorticity  and  divergence.  The  former  quantity  is  then 
proportional  to  the  line  integral  of  the  velocities  around  the  triangle,  and  the  latter  quantity  is 
proportional  to  the  integral  of  the  velocity  component  perpendicular  to  the  line  segments  that  define 
the  triangle.  The  method  can  easily  be  extrapolated  to  include  more  than  three  stations. 

If  we  consider  a single  radar  instead  of  a network,  equation  (3)  shows  that  the  VAD  measurement 
provides  a measure  of  the  divergence  because  the  velocity  component  measured  by  the  radar  is  always 
perpendicular  to  the  direction  in  which  it  is  scanning  so  that  Vxdf  is  obtained.  Equation  (2)  requires 
the  velocity  component  perpendicular  to  the  beam  direction,  a quantity  not  provided  by  the  VAD 
technique. 

SPACED  ANTENNA  VORTICITY  MEASUREMENTS 

The  discussion  so  far  has  focused  on  the  VAD  technique  which  usually  involves  measurements  at  a 
large  number  of  azimuths  with  a mechanically-steered  antenna.  However,  the  Doppler  method  used  in 
most  MST  radar  or  wind  profiler  measurements  is  in  essence  a simplified  VAD.  The  number  of 
independent  beam  directions  then  determines  the  number  of  flow  field  parameters  that  can  be  derived 
from  the  measurements.  MST  radars  often  utilize  a vertical  beam  which  gives  the  vertical  velocity 
directly  from  the  Doppler  shift,  and  thus  eliminates  the  vertical  velocity/divergence  ambiguity  which  is 
characteristic  of  precipitation  radar  VAD  measurements.  When  the  scattering  is  from  precipitation,  a 
vertical  beam  is  not  useful  in  resolving  the  ambiguity  since  the  vertical  velocity  is  the  fall  velocity  of 
the  precipitation  and  is  not  related  to  the  divergence  in  the  horizontal  flow  field.  At  least  three  off- 
vertical  beams  pointed  along  different  azimuths  are  needed  to  measure  the  divergence  in  the  horizontal 
flow,  although  often  pairs  of  north/south  and  east/west  beams  are  chosen  in  practice. 


The  Doppler  method  used  for  MST  radar  wind  profiling  cannot  be  used  to  obtain  information  about 
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the  vorticity  since  it  is  a simplified  form  of  the  VAD  method,  and  the  latter  technique  provides  no 
information  about  the  rotation  in  the  flow.  Besides  the  considerations  in  the  previous  section,  we  can 
reach  the  same  conclusion  by  considering  a five-beam  system  directly.  One  beam  is  vertical  and  serves 
to  eliminate  the  vertical  velocity  contamination  in  the  off-vertical  beams.  The  other  beams  are  at  the 
same  off- vertical  angle  and  pointed  along  the  east,  west,  north,  and  south  directions.  The  vertical 
component  of  the  vorticity  is  given  by 


= 11) 

where  u and  v are  the  eastward  and  northward  velocity  components,  respectively.  The  coordinate 
system  is  such  that  x is  positive  toward  east  and  y is  positive  toward  north.  The  eastward  and 
westward  beams  give  information  about  the  variation  in  the  u velocity  component  but  only  along  the  x 
direction.  The  northward  and  southward  beams  give  information  about  the  variation  of  the  v 
component  but  only  along  the  y direction.  Rotating  the  coordinate  system  in  the  horizontal  plane 
obviously  does  not  change  the  situation. 

The  spaced  antenna  technique  has  been  described  in  detail  by  Larsen  and  Rfittger  (1989)  and  references 
therein.  The  method  uses  the  cross-correlation  of  the  signal  in  at  least  three  spaced  receivers  deployed 
in  a triangular  array  to  determine  the  horizontal  velocity  of  the  diffraction  pattern  in  the  medium 
overhead.  The  diffraction  pattern  is  created  by  the  turbulent  variations  in  the  refractive  index. 
Therefore,  to  the  extent  that  the  Taylor  hypothesis  holds,  and  the  turbulence  moves  with  the  mean 
wind,  the  measurement  gives  the  horizontal  wind  velocity.  The  Taylor  hypothesis  is  also  assumed  to 
hold  in  the  Doppler  method  measurements.  The  advantage  of  the  spaced  antenna  method  for  vorticity 
measurements  is  that  the  velocity  components  obtained  are  perpendicular  to  the  beam  direction,  and, 
therefore,  would  appear  to  be  useful  in  the  expression  given  in  equation  (2). 

A triangular  array  is  most  common  in  spaced  antenna  measurements.  First,  consider  three  receiving 
antennas  aligned  so  that  one  is  at  the  origin  of  the  coordinate  system  and  the  other  two  are  spaced 
along  the  x and  y axes.  The  diffraction  pattern  velocities  measured  along  the  x and  y axes  are  then 
related  to  the  flow  velocity  by  the  expressions  (e.  g.,  BRIGGS,  1984) 


Vx 


. V 

sin<£ 


(5a) 


cos <i> 


(5b) 
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where  V is  the  magnitude  of  the  flow  velocity  and  <f>  is  the  direction  of  the  flow  measured  from  north. 
The  trace  velocities  are  derived  from  the  lag  at  which  the  cross- cor  relation  in  the  signal  in  two  of  the 
antennas  maximizes.  The  relevant  expressions  are 


Vx=^ 


(6a) 


dv 
Vy=^ 
y Ty 


(6b) 


where  dx  and  dy  are  the  separation  of  the  antennas  in  the  x and  y directions  and  rx  and  ry  are  the 
respective  lags. 


If  dx-dy-d,  which  we  will  assume  for  the  remainder,  we  have  the  following  relationships, 


tan<£=  ^ 


(7a) 


sin<£=  — 


/ _ 2 , 2\1/2 
(rx  + ry  ) 


(7b) 


Ty 

COS<j)  — — 


(rx2+ryJ)^2 


(7c) 


The  velocity  components  are  then  given  by 


vx  = V-sin^  = d — „ (8a) 

Cx  +cy  ’ 

vy  = v'cos0  = d 2Ty  2 (8b) 

rx  -fry 

The  remaining  analysis  could  be  carried  out  by  considering  the  three-antenna  system,  but  a four- 
antenna  system  of  the  type  shown  schematically  in  Figure  1 will  be  used  instead  to  simplify  the 
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Rx  C 


B 


Figure  1.  Schematic  showing  spaced  antenna  system  with  four  receiving  antennas  labeled  A,  B,  C,  and 
D.  The  dashed  lines  join  the  points  midway  between  two  adjacent  receiving  antennas.  The  path  of 
integration  for  the  vorticity  and  divergence  calculation  is  along  the  square  outlined  by  the  dashed  lines. 


14 


expressions.  The  corresponding  expressions  for  three  spaced  antennas  will  be  of  the  same  form  but  with 
different  multiplicative  factors. 

Each  combination  of  three  receiving  antennas  (ABC,  BCD,  CD  A,  and  DAB)  yields  the  horizontal 
vector  velocity  representative  of  a point  somewhere  along  the  lines  that  connect  the  midpoints  between 
the  antennas,  shown  by  the  dashed  lines  in  Figure  1.  If  the  x axis  is  aligned  parallel  to  the  D-A 
direction  and  the  y axis  is  aligned  parallel  to  the  D-C  direction,  the  velocity  component  parallel  to  the 
dashed  line  segment  4-1,  for  example,  will  be  given  by 

Vdiag=  vx'cos  45’  + vycos  45’ 


= d 


y^2 

2 


(9) 


Then  for  one  side  of  the  embedded  square  defined  by  the  dashed  lines,  the  contribution  is 


(10) 


Sum  the  contributions  from  the  four  sides  and  divide  by  the  area  of  the  embedded  square  to  get 


k-(^xV) 


r;+r; 


i+1 


'i2+ri+l 


5) 


(ii) 


where  r j,  for  example,  is  the  lag  from  Antenna  A to  Antenna  B.  The  lags  are  taken  to  be  positive  in 
the  counterclockwise  sense  from  A to  B,  B to  C,  C to  D,  and  D to  A. 

The  spaced  antenna  vorticity  measurements  can  be  understood  more  directly  by  considering  a flow 
directed  from  left  to  right  in  Figure  1.  Rotation  in  the  flow  implies  that  the  velocities  in  the  upper  half 
of  the  figure  must  be  faster  or  slower  than  the  velocities  in  the  lower  half.  Antennas  BCD  will  then 
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provide  a velocity  measurement  that  is  different  from  the  DAB  measurement,  and  the  difference 
between  the  two  measurements  is  related  to  the  vorticity  in  the  flow. 

The  expression  for  the  divergence  involves  the  component  of  the  velocity  perpendicular  to  each  of  the 
four  sides  and  leads,  by  similar  arguments,  to  the  expression 


V-V  = 


(12) 


The  entire  derivation  has  used  the  so-called  apparent  velocities  which  are  valid  if  the  refractivity 
pattern  does  not  fade  significantly  during  the  time  required  for  the  pattern  to  move  from  one  antenna 
to  the  next.  VINCENT  et  al.  (1987)  have  shown  that  the  difference  between  true  and  apparent 
velocities  becomes  significant  in  the  upper  troposphere  and  above.  The  vorticity  measurement  is  the 
same  in  principle  if  the  appropriate  corrections  are  made  for  the  pattern  fading,  although  the 
expressions  become  more  complicated. 

CONCLUSION 

The  technique  outlined  here  appears  to  have  potential  for  single-radar  vorticity  measurements. 
Vorticity  and  divergence  measurements  with  a network  of  radars  is  acceptable  in  many  cases  when  the 
scale  sizes  of  interest  are  larger  than  or  comparable  to  the  spacing  of  the  radars  in  the  network,  but  for 
studies  of  the  dynamics  of  small-scale  phenomena,  such  as  the  mixing  in  tropopause  folds  or  the 
turbulent  dissipation  associated  with  the  breakdown  of  small-scale  waves,  a technique  that  uses  a single 
radar  is  needed.  While  the  method  is  straightforward  in  principle,  it  remains  to  be  seen  if  the 
measurement  will  be  meaningful  in  practice  when  the  measurement  errors  are  taken  into  account. 

There  has  been  considerable  debate  in  recent  years  about  the  differences  and  similarities  between  the 
spaced  antenna  and  Doppler  methods  for  wind  profiling.  Several  studies  have  shown  that  the  spaced 
antenna  method  provides  wind  information  of  quality  comparable  to  the  Doppler  method.  Arguments 
about  the  anticipated  advantages  of  spaced  antenna  systems  have  been  presented,  but,  while  the 
arguments  seem  reasonable,  no  detailed  studies  have  been  carried  out  to  show  that  the  advantages  are 
real.  The  vorticity  measurement  capability  appears  to  constitute  a clear  difference  between  the  spaced 
antenna  and  Doppler  methods,  since  the  latter  technique  does  not  provide  information  about  the  flow 

rotation. 
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1 . 


INTRODUCTION 


Numerical  weather  prediction  (NWP)  is  concerned  with  weather  prediction 
through  numerical  integration  of  the  hydrodynamic  and  thermodynamic  equations  that 
govern  atmospheric  motions.  One  concern  in  NWP  is  the  specif ication  of  the  initial 
conditions.  The  NWP  models  currently  in  use  rely  primarily  on  rawinsonde  data  ta 
on  a large  scale  network  twice  daily  to  provide  the  initial  conditions  for  t 
forecasts.  Additional  data  such  as  that  provided  by  a network  of  wind  Profiler 
adds  detail  to  the  initial  conditions  and  can  improve  the  quality  of  the  forecast^ 
The  details  provided  by  the  wind  measurements  may  be  retained  better  by  the  models 

if  a temperature  field  is  also  specified.  . j 

Our  research  concerns  deriving  temperature  fields  from  measurements  of  wind 
profiles  and  their  changes  with  time.  The  method  involves  taking  equations  much 
like  what  are  used  in  the  numerical  models,  the  horizontal  equations  of  motion,) and 
forming  a Poisson  equation  to  be  solved  at  each  horizontal  level  desired  to  get  a 
a temperature  field.  We  are  also  investigating  the  improvement  to  the  temperature 
fields  which  can  be  obtained  by  adding  measurements  from  ground-based  and  satellite 
radiometers  . The  retrieval  method  derive.  . , e.ijht.d  oo^rh.t  oh 
of  wind-derived  temperatures  and  microwave  radiances  through  use  of  the  radiative 
transfer  equation. 
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THEORY 


The  theoretical  basis  for  this  retrieval  method  is  presented  in  more  detail 
in  GAL-CHEN  (1988)  . what  follows  is  a brief  overview  of  the  basic  ideas  behind  t e 

method 'In  fchis  method( an  estimate  of  the  three-dimensional  field  of  temperature  is 
sought  using  two  sources  of  data:  (1)  vertical  profiles  of  wind  and  their  Ranges 

with  time  as  measured  by  a wind  Profiler  network,  and  (2)  microwave  radiance 
measurements  from  satellites  and/or  a network  of  ground-based  radiometers  To 
accomplish  the  retrieval  we  need  to  provide  additional  information  on  the  relation- 
ship between  the  measured  quantities  and  the  desired  field,  tempera  ure. 

First,  consider  the  relationship  between  radiance  and  the  vertical  profile 
of  temperature.  Radiometers  can  be  thought  of  as  measuring  a weighted  average  of 
the  temperature  profile  in  the  vertical.  The  measurement  made  by  a radiometer  is 
determined  by  the  radiative  transfer  equation,  which  may  be  written  in  a simplifie 

form  for  a ground  based  radiometer  as 

0 

f -T  <V) 

I (v ) - J K(V,P)  T (p)  dp  + TmcK  e 
ps 

where  I (v)  is  the  radiance  measured  by  the  radiometer  in  the  frequency  channel  v. 
K (v,  P)  is  a weighting  function  determined  by  the  rate  of  change  with  height  (or 
pressure)  of  transmission  of  radiation  at  frequency  v e 13 

background  radiation  from  space  reaching  the  Earth's  surface.  Theformfora 
satellite  radiometer  is  similar  to  (1)  but  includes  a term  expressing  radiation  from 

the  '"in^rs^n'f  the  measurement  of  I (V,  to  get  T(p)  is  an  ill-posed  problem; 
it  is  possible  to  find  many  different  temperature  profiles  which  generate  the  same 
distribution  of  brightness  temperatures  at  specified  frequencies.  Thus,  it 


(1) 
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necessary  to  add  additional  information  to  perform  the  temperature  retrieval. 
Inversion  methods  for  radiance  measurements  include  "physical"  retrieval  where  a 
first  guess  profile  is  modified  to  produce  the  measured  radiances;  and  "statisti- 
cal"  retrieval,  using  the  covariances  between  measurements  in  different  frequency 
channels  and  temperatures  measured  at  given  pressure  levels  to  derive  fitted 
coefficients  relating  measured  radiances  and  temperature  profiles.  More  detailed 
discussions  of  temperature  retrieval  from  radiometer  measurements  may  be  found  in 
many  places  (e.g.  WESTWATER  AND  STRAND, 1972,  RODGERS,  1976,  and  others). 

The  second  relationship  to  consider  is  that  of  the  measurements  of  wind  (and 

^ „,Ch?3e  Wlth  time)  and  the  temPerature  field.  This  relationship  is  described 
by  the  horizontal  equations  of  motion  and  the  hydrostatic  equation.  The  horizontal 
equations  of  motion  in  (x,y,p)  coordinates  are 


Du  / Dt  = - 9<J>  / 9x  + F.  + fv 


Dv  / Dt 


- cty  / 9y  + F - fu 


(2) 


(3) 


where  u and  v are  the  horizontal  components  of  wind  in  the  x-  and  y-  directions 
respectively,  f <=  2cosin  9)  is  the  Coriolis  parameter,  and  F , F2  represent  the  x- 
andy-  components  of  the  turbulent  forces.  With  knowledge  of  the  three-dimensional 
wind  field  and  its  change  with  time  (and,  additionally,  some  form  of  frictional  par- 
ameterization) we  can  calculate  all  the  terms  in  the  equations  except  the  horizontal 
gradients  of  geopotential,  9.  Solving  for  these  terms,  we  can  rearrange  (2)  and  (3) 
and  write: 


(4) 


9<J>  / 9x 

39  / 3y  - G (5) 

GAL-CHEN  (1978)  and  HANE  AND  SCOTT  (1978)  have  proposed  a least  square 
solution  of  (4)  and  (5),  by  solving  the  variational  problem: 

1/  09  / 3x  - F ) 2 + 09  / 3y  - G )2  - Min.  (6> 

The  solution  of  this  variational  problem  is  a Poisson  equation  for  9: 

V2„  * 3f  / 9x  + 9G  / 9y  ^ 7 j 

Here  is  the  horizontal  Laplacian.  When  (7)  is  expanded  the  form  of  this 

divergence  equation  is 

-»2  . dD 


- V 


9d  , 3d  2 

3T  t ua7  + VF  + D 


qj  do  + dco  9u  + 9(o  9v 

9p  9x  9p  9y  9p 


- 2 J(uf  v)  - f 5 - (— i-  + 

ox 


(8) 


dy  ' 

(where  D is  the  divergence  of  the  horizontal  wind,  D = du/dx  + dv/dy) 

The  boundary  conditions  for  the  above  problem  may  be  either  Dirichlet 
conditions  (specifying  9 on  the  boundary)  or  Neumann  conditions  (specifying  the 
derivative  of  9 normal  to  the  boundary) . with  Neumann  boundary  conditions  that  the 
solution  for  9 is  found  only  to  within  a constant,  so  additional  information,  such 
the  mean  value  of  height  at  a level  or  a height  value  at  a grid  point  must  be 
supplied.  The  horizontal  gradients  of  9 are  uniquely  determined,  however 

Once  9 IS  determined  on  more  than  on  level  one  may  obtain  mean  layer  virtual 
temperature  Tv  by  the  hydrostatic  relation: 

9$  / 9 (In  p)  = - R Tv  (9) 

Use  of  the  full  divergence  equation  (8)  to  retrieve  geopotential  may  not  be 
practical  as  accurate  evaluation  of  the  terms  involving  to  could  be  difficult  to 
accomplish.  GAL-CHEN ( 1 988 ) presents  a scale  analysis  of  the  momentum  equations 
applied  xn  a frontal  zone  where  the  flow  possesses  two  length  scales,  deriving  a 
form  of  the  divergence  equation  where  the  contributions  of  o are  dropped.  To  get 
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this  form  of  the  divergence  equation  from  the  variational  problem  <7)  one  drops  the 
terms  involving  CO  from  the  calculation  of  F and.  G.  . 

Given  the  measurements  of  wind  profiles  and  radiances,  and  the  relationships 
of  these  to  the  three  dimensional  temperature  field  we  can  then  define  some  optima 
combination  of  the  two  kinds  of  data  to  obtain  the  temperature  field.  The 
formulation  which  incorporates  the  observed  radiances  into  the  retrieval  procedure 
is  discussed  in  GAL-CHEN(1988) , a brief  recapitulation  is  presented  below.  To 
achieve  consistency  with  the  previous  sections  this  discussion  deals  only  with  the 

microwave  region.  _ . , . , 

The  basic  idea  is  to  modify  VHTf,  which  is  the  estimate  of  the  horizontal 

(virtual)  temperature  gradient  obtained  from  the  horizontal  divergence  equation, 
to  another  (hopefully  better)  form  V„T  such  that  the  radiative  transfer  equation 
(1)  is  better  satisfied.  It  is  also  desired  that  VHT  remains  as  close  as  possible 
to  the  unmodified  form  V„Tf.  This  defines  the  following  variational  problem: 
Find  a function  T such  that 


J j p0  [Vh  <T  ■ t£)  ]2  dp  ds 


Y pj  [VH  (J  K(v,p,ps)  T (p)  dp 

v c P 


- Iv)  ] dS  - Min.  (10) 


where  S is  a symbol  for  a horizontal  area.  (Here  Iv  incorporates  the  transmission 
term  in  (1)  and  is  adjusted  to  represent  a weighted  virtual  temperature.  ) The  reason 
for  dealing  with  gradients  of  radiance  instead  of  dealing  with  the  quantity  itsel 
is  that  due  to  calibration  errors  and  other  unknown  biases  an  absolute  measurement 
of  radiance  is  less  accurate  than  a relative  one  (MENZEL  et  ai.,  1981)  . The  solution 
of  the  variational  problem  shows  that  the  T field  must  satisfy 

Vr.  P0VhT  + ^ Pv  K (v,  p)  Vr2J  KCV.P’)  T(p’)  dp’ 

V P 

- VH-P0  VH  Tf  + £ Pv  K(v,p)  VH  I(V>  (11) 

The  parameters  ft,,  pv;  V - 1,2,._,N  (N  - the  number  of  channels)  are  "properly" 
selected  weights,  chosen  based  on  our  relative  confidence  in  the  various  sources 
of  information.  For  instance,  P0  and  the  P,'  s can  be  chosen  to  be  inversely 
proportional  to  the  squares  of  the  standard  deviations  of  the  errors  associated  with 
each  term  of  the  l.h.s.  of  (10)  above.  We  take  P0  - P„(x,y,p)  to  take  into  account 
the  fact  that  in  the  boundary  layer  dynamical  retrievals  using  the  divergence 
equation  are  suspect  and  should  therefore  be  assigned  a low  weight  (MODICA  AND 

WARNER,  1987) . , , 

After  some  manipulations  GAL-CHEN  (1988)  shows  that  the  minimization  problem 
(10),  (11)  can  be  reduced  to  that  of  solving  at  each  horizontal  level  a Poisson 
equation  with  Neumann  or  Dirichlet  type  boundary  conditions. 


3 . EXPERIMENTAL  RESULTS 

To  verify  our  retrieval  algorithm  we  are  using  the  Observing  System 
Experiment  methodology  discussed  e.g.  by  RAMAMURTHY  AND  CARR  (1987).  Wind  and 
temperature  soundings  from  extensive  field  experiments  are  available,  and  can  be 
used  along  with  an  assumed  form  of  the  radiative  transfer  equation  to  simulate 
observations  from  a network  of  Profilers.  This  approach  is  in  contrast  to  the 
Observing  System  Simulation  Experiment  (OSSE)  approach,  where  the  "observations 
used  are  produced  by  a numerical  model,  and  the  dynamics  are  constrained  to  follow 
the  equations  used  in  the  numerical  model.  In  the  OSE  approach,  no  particular 
constraints  are  applied  to  the  wind  measurements. 

The  data  we  are  using  are  from  the  AVE/VAS  Ground  Truth  Field  Experiment 
(HILL  AND  TURNER,  1983) . Radiosonde  data  were  taken  at  24  National  Weather  Service 
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stations  at  3-hourly  intervals  on  4 separate  days  in  the  spring  of  1982.  These  data 
represent  a variety  of  weather  conditions,  unlike  some  other  experiments  conducted 
to  measure  specific  kinds  of  weather.  The  3-hourly  observation  interval  gives 
better  resolution  of  changes  in  atmospheric  conditions  with  time  than  the  normal 
12-hourly  synoptic  observations.  Results  presented  here  were  derived  using  data 
from  AVE/VAS  II  (6-7  March  1982), 

Measurements  from  microwave  radiometers  were  simulated  by  integrating  the 
measured  temperature  profiles  in  the  vertical  with  weighting  functions  similar  to 
those  illustrated  in  WESTWATER  et  al.  (1985).  Brightness  temperatures  (propor- 
tional to  radiance,  but  with  units  of  temperature)  from  four  ground-based  microwave 
channels  and  two  satellite  microwave  channels  were  generated.  The  wind  data  U3ed 
to  represent  Profiler  winds  were  from  the  sounding  data  interpolated  to  25-mb 
levels,  as  were  the  temperature  and  height  data  used  for  the  verification  fields 

To  produce  the  wind-derived  height  and  temperature  fields,  the  u-  and  v- 
component3  of  the  wind  (slightly  smoothed  in  the  vertical)  at  constant  pressure 
levels  between  825  mb  and  100  mb  were  interpolated  to  a 1*  latitude-longitude  grid 
using  the  BARNES  (1973)  successive  correction  interpolation  scheme.  These  data 
were  U3ed  to  calculate  the  F and  G terms  (eqns  (2) -(5),  but  omitting  terms  involving 
vertical  advection)  by  second-order  centered  finite  differences.  The  gradients  of 
the  F and  G terms  were  used  to  calculate  the  forcing  function  of  the  Poisson  equation 
for  (p . Thi3  Poisson  equation  with  Neumann  boundary  conditions  was  solved  by 
successive  over-relaxation.  The  difference  of  $ between  pre33ure  levels  was 
calculated  and  divided  by  R to  yield  mean  layer  virtual  temperature  over  a 50-mb 
layer,  which  is  used  in  the  combined  retrieval  as  the  first  guess  temperature  T' . 

Fig.  1 shows  the  RMS  differences  between  retrieved  height  fields  and  those 
analyzed  from  the  radiosonde  data.  The  different  curves  show  the  effect  of  using 
different  approximations  to  the  divergence  equation.  The  geostrophic  approximation 
(in  which  only  the  Coriolis  force  was  retained)  3howed  the  worst  results  above  500 
mb.  The  balance  equation  approximation  which  neglects  tendencies  and  the  approxi- 
mation which  included  the  time  derivative  term  performed  generally  the  same. 

The  results  of  one  test  calculation  of  a simplified  form  of  equation  (11) 
are  presented.  The  simplifications  include  (a)  calculation  of  I from  gridded 
virtual  temperatures  (without  added  random  error) , (b)  input  of  "true*"  temperatures 
analyzed  from  the  radiosonde  data  for  levels  below  800  mb  and  adjustment  of 
temperature  only  from  800-125  mb  instead  of  starting  the  integration  at  the  Earth's 
surface  (to  avoid  problems  related  to  terrain  variation  across  the  network),  and 
(c)  use  of  a simple  form  of  the  parameters  p„,  Py;  v = 1,2, ._,N  which  did  not  include 
any  variation  in  the  vertical.  The  weights  used  were:  P = 0 2,  B (52  85)  - o ? 

«.<»•«>  - 0.05.  5.(58 .80)  - .A  P.,53.7v  - 0.2, 

Fig.  2 shows  the  RMS  differences  between  retrieved  and  analyzed  virtual 
temperatures  for  the  retrieval  from  wind  information  and  for  the  combined  re- 
trieval. The  curve  marked  with  crosses  shows  the  error  associated  with  calculating 
temperature  from  50-mb  layer  thicknesses  compared  to  virtual  temperature  measured 
at  a given  pressure  level,  and  so  represents  a kind  of  minimum  interpolation  error 
The  combined  retrieval  gave  improved  error  statistics  at  nearly  all  levels  although 
these  were  very  small  above  700  mb  (where  the  ground  based  measurements  had  little 
effect)  . The  dashed  extension  of  the  wind  retrieval  curve  below  800  mb  shows  results 
from  wind  retrievals  in  terrain  following  (x,y,o)  coordinates.  These  clearly  show 
the  poorness  of  the  retrieval  in  the  boundary  layer  near  the  Earth  when  only  wind 
uls  used;  0bvi°u3ly  the  wind  observations  will  need  to  be  supplemented 
with  other  observations  (such  as  may  become  available  with  the  RASS  system)  . We  are 
currently  working  on  the  combined  retrieval  method  in  <x,y,o)  coordinates , and 
expect  to  see  similar  improvements  to  the  retrieved  temperatures  in  the  lower  layers 
near  the  Earth,  y 

Fig  3 shows  a comparison  between  the  observed  700  mb  temperatures  and  those 
retrieved  from  the  wind  data  and  using  the  combined  retrieval.  The  analysis  from 
the  combined  retrieval  is  slightly  closer  to  the  observed  temperatures.  The  change 


Fig.  1 RMS  errors  associated  with  retrievals  of  height  from  wind  data. 
Curves  represent  different  approximations  to  the  full  dynamical 
equations . 


Fig.  2 RMS  errors  associated  with  combined  retrievals  (wind  and  radiances 
are  used  as  sources  of  information) . ( + ) represents  interpolation 

error  of  calculating  temperature  from  50-  mb  thicknesses. 
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is  consistent  with  the  0.2  K improvement  in  RMS  error  at  700  mb  shown  in  Fig.  2. 
The  amount  of  improvement  of  the  temperature  analysis  depends  on  the  difference  of 
the  measured  radiance  from  the  radiances  that  would  be  produced  by  the  first  guess 
temperature  field  retrieved  from  winds  alone.  In  this  case,  the  "true"  and  first 
guess"  radiances  were  very  close  so  only  limited  improvement  was  possible. 

5 . SUMMARY 

Using  wind  information,  the  horizontal  equations  of  motion,  and  the  hydro- 
static relation,  it  is  possible  to  retrieve  temperature  fields  that  have  RMS  errors 
< 2 K in  the  mid-  to  upper  troposphere  but  with  greater  error  near  the  Earth's 
surface.  A retrieval  method  has  been  developed  which  combines  the  temperature 
retrieved  from  wind  data  with  radiances  measured  from  ground  and  satellite  based 
microwave  radiometers.  This  method  has  been  shown  to  reduce  the  analysis  error  by 
more  than  0.5  K in  the  lower  troposphere  for  the  test  case  examined.  The  retrieval 
method  may  also  be  adapted  to  use  different  (e.g.  terrain  following)  coordinate 
systems  and  to  include  other  sources  of  data  if  desired. 
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ABSTRACT 

On  June  10-11,  1985,  a squall  line  passed  the  McPherson,  Kansas,  VHF  wind  profiler  during  the  O-K 
PRE-STORM  experiment.  The  mature  squall  line  had  an  intense  convective  leading  edge  and  a broad 
trailing  stratiform  precipitation  region.  The  Doppler  power  spectra  for  the  period  exhibited  double 
peaks  corresponding  to  both  turbulent  scattering  and  precipitation  scattering  during  the  periods  of 
heavy  rain.  A nonlinear  least-squares  fitting  of  the  spectra  was  applied  in  order  to  estimate  the  mean 
radial  velocity  separately  for  the  two  types  of  scatterers.  From  the  clear  air  velocities  obtained  in  this 
way,  we  have  identified  the  various  features  of  the  vertical  and  horizontal  flow  associated  with  the 
squall  line  passage.  We  have  also  compared  the  flow  observations  made  by  a pair  of  scanning  5-cm 
Doppler  radars  with  the  VHF  data.  The  data  set  shows  some  of  the  problems  that  will  be  faced  in 
using  and  analyzing  profiler  data  obtained  during  precipitation  events. 

INTRODUCTION 

During  the  past  decade  the  use  of  the  Doppler  wind  profiling  technique  has  steadily  gained  acceptance 
in  the  meteorological  community  to  the  point  that  procedures  have  been  developed  for  operational 
analysis  of  the  data  (see,  e.  g.,  rAtTGER  AND  LARSEN,  1989,  for  a review).  Often  only  the  first 
moment  of  the  spectrum,  after  DC  subtraction,  is  used  as  an  estimate  of  the  line-of-sight  velocity,  and 
vertical  profiles  of  the  horizontal  wind  velocity  are  obtained  by  means  of  a consensus  averaging 
technique.  For  each  range  gate,  velocity  estimates  are  produced  every  five  or  six  minutes,  and  the 
hourly  average  radial  velocity  is  estimated  from  the  largest  group  of  values  which  lie  within  a 
prescribed  tolerance  of  one  another  for  the  averaging  period.  STRAUCH  et  al.  (1987)  carried  out  fairly 
extensive  tests  of  the  procedures  by  using  the  redundancy  in  data  from  a five-beam  405-MHz  profiler  to 
make  independent  hourly  estimates  of  the  horizontal  wind  components  for  a month  in  clear  air.  They 
calculated  the  standard  error  expected  for  a three-beam  profiler  in  such  an  environment  to  be  1.3  m s_1 
if  the  vertical  air  motion  is  taken  into  account.  A number  of  studies  have  been  carried  out  in  which 
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clear  air  wind  profiles  obtained  with  Doppler  radars  have  been  compared  to  those  obtained  by  nearby 
radiosondes,  and  although  such  comparisons  are  by  no  means  exhaustive  they  generally  claim 
reasonable  agreement  between  the  two  methods  (see  rStTGER  AND  LARSEN,  1989,  for  summaries 
of  a number  of  the  studies). 

The  presence  of  precipitation  gives  rise  to  several  problems  in  using  Doppler  radar  to  measure  the  wind 
field.  At  UHF,  the  received  signal  is  generally  dominated  by  scatter  from  precipitation  (LARSEN 
AND  R6TTGER,  1987).  As  a result  the  measured  radial  velocity  will  be  the  projection  of  the 
preciptation  fall  speed  on  the  line  of  sight.  At  VHF,  the  contributions  from  turbulent  scattering  will 
dominate  for  light  rainfall  rates,  but  the  precipitation  scattering  will  be  of  comparable  magnitude  and 
must  be  identified  and  separated  in  order  to  obtain  profiles  of  clear  air  motion  when  the  rainfall  rates 
are  heavier.  Processing  algorithms  which  perform  reasonably  well  when  applied  to  data  acquired  during 
clear  conditions  are  of  questionable  value  in  analyzing  data  obtained  in  a precipitating  environment, 
particulary  when  systems  evolve  rapidly.  Consensus  averaging  techniques  intended  to  improve  the 
hourly  estimates  of  the  winds  may  form  erroneous  averages  when  the  winds  change  significantly  from 
profile  to  profile.  If  precipitation  or  clear  air  motion  evolves  or  fluctuates  during  the  averaging  period, 
as  in  a convective  storm,  it  may  be  impossible  to  form  a consensus  for  that  period  (AUGUSTINE  AND 
ZIPSER,  1987),  or  a consensus  average  may  not  be  representative  of  the  period  as  a whole.  A second 
problem  is  that  a first  moment  estimate  of  the  line-of  sight  velocity  will  be  misleading  when  double 
peaked  spectra  are  measured  since  the  velocity  estimate  will  fall  between  the  turbulent  scattering  and 
precipitation  scattering  peaks.  These  problems  need  to  be  assessed  if  Doppler  radar  wind  profilers  are 
to  provide  useful  information  during  precipitation  events.  Since  the  most  interesting  mesoscale 
dynamics  occur  in  connection  with  precipitating  systems,  the  problems  are  at  the  heart  of  the  use  of 
wind  profilers  as  part  of  an  operational  mesoscale  observing  system. 

Relatively  few  studies  have  dealt  with  the  use  of  Doppler  radar  to  observe  precipitation.  I UKAO  et  al. 
(1985)  observed  light  stratiform  rain  with  the  Japanese  VHF  MU  radar  and  deduced  the  wind  field  by 
identifying  the  turbulence  contribution  of  the  received  signal.  Their  comparison  of  the  horizontal 
motion  of  clear  air  to  that  of  precipitation  showed  excellent  agreement.  LARSEN  AND  RSl  1GER 
(1987)  examined  the  doubled- peaked  spectra  associated  with  a thunderstorm  observed  with  the  SOUSY 
VHF  radar  located  in  West  Germany.  They  suggested  the  possibility  of  using  a combination  of  VHF 
and  UHF  radars  for  cloud  physics  research.  For  example,  knowledge  of  vertical  air  motion  obtained 
from  the  VHF  system  would  allow  the  calculation  of  corrected  terminal  velocities  of  precipitation  and 
parameterization  of  drop-size  distributions  observed  with  the  UHF  radar.  Indeed,  WAKASUGI  et  al. 
(1986,  1987)  calculated  such  distributions  from  VHF  signals  alone  by  application  of  a nonlinear  least- 
squares  fitting  of  spectra  obtained  in  stratiform  rain  with  the  MU  radar.  FORBES  AND  CARROLL 
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(1987)  made  some  limited  determinations  of  air  and  precipitation  vertical  velocities  from  UHF  spectra 
obtained  during  a thunderstorm.  WUERTZ  et  al.  (1988)  repeated  the  experiment  of  Strauch  et  al. 
during  the  summer  of  1986  in  Colorado,  using  periods  when  precipitation  was  present  in  the  radar 
beam.  They  found  the  measurement  error  in  hourly  profiles  of  the  horizontal  wind  to  be  2-4  m s"1 
during  periods  of  precipitation.  They  were  able  to  use  consensus  averaging  without  modification  if  the 
precipitation  was  spatially  and  temporally  homogeneous,  but  found  that  for  time- varying  precipitation 
the  off-zenith  radial  velocities  had  to  be  corrected  for  precipitation  fall  speed  before  consensus 
averaging.  A few  pioneering  works  (SMULL  AND  HOUZE,  1985,  1987a, b;  SR1VASTAVA  et  al.,  1986; 
KESS1NGER  et  al.,  1987)  have  utilized  a variety  of  Doppler  radar  systems  to  study  the  kinematic 
features  associated  with  squall  lines. 


In  this  paper  we  present  observations  made  with  a VHF  Doppler  wind  profiler  of  the  wind  field 
associated  with  the  passage  of  a mid-latitude  squall  line.  An  alternative  method  of  estimating  the 
wind  vector  has  been  used  and  is  described  herein.  The  observed  flow  is  compared  to  that  measured  by 
a pair  of  5-cm  scanning  Doppler  radars  operated  in  the  vicinity  of  the  wind  profiler. 


THE  10-11  JUNE  1985  SQUALL  LINE  AND  THE  McPHERSON  PROFILER 

The  OK-PRESTORM  experiment  was  conducted  in  May  and  June,  1985  and  has  been  described  in 
detail  by  CUNNING  (1986).  As  part  of  the  measurement  campaign,  a VHF  Doppler  wind  profiler  was 
installed  and  operated  at  McPherson,  Kansas,  by  NCAR.  The  McPherson  profiler  was  operated  at  a 
frequency  of  49.25  Mhz  in  a three  beam  configuration.  A pulse  width  of  1 ps  gave  a height  resolution 
of  150  m starting  at  2.1  km  AGL.  The  operating  parameters  of  the  McPherson  radar  are  summarized 
in  I able  1.  A complete  sampling  over  all  three  beam  orientations  required  just  over  40  s.  The  time 
series  of  the  received  quadrature  signals  was  recorded  on  magnetic  tape,  allowing  for  the  subsequent 
calculation  the  Doppler  power  spectra. 

Two  NCAR  5-cm  Doppler  radars,  CP-3  and  CP-4,  were  also  deployed  as  part  of  the  OK-PRESTORM 
program  at  the  locations  shown  in  Fig.  1.  During  most  of  the  10-11  June  event  these  systems  were 
operated  in  a thre^dimensional  conical  scanning  mode,  in  which  the  line  of  sight  Doppler  velocity  was 
measured  as  a function  of  range  and  azimuthal  angle  for  a number  of  elevation  angles.  This  procedure 
allowed  extended  VAD  (EVAD)  analysis  (SRIVASTAVA  et  al.,  1985;  RUTLEDGE  et  al.,  1988)  of  the 
data  to  be  made  in  the  stratiform  region.  The  EVAD  technique  calls  for  the  horizontal  wind 
components  to  be  calculated  for  a series  of  heights  around  the  perimeter  of  a cylinder  centered  about 
the  radar.  From  this  the  vertical  profile  of  the  horizontal  wind  at  the  center  of  the  cylinder  and  the 
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Table  1.  Operating  Parameters  for  the  VHF  Wind  Profiler  at  McPherson,  KS 


Frequency 
Number  of  beams 
Orientation  of  oblique  beams 
Peak  power 
Average  power 
Antenna  aperture 
Height  resolution 
Number  of  gates  sampled 


49.25  Mhz 
3 

8 degrees  off  zenith 
125  kW 
5 kW 

49  m by  49  m 
150  m 
133 


Figure  1.  Map  showing  the  locations  of  the  NCAR  CP-3  and  CP-4  (+)  radars  and  the 
McPherson  VHF  profiler  (o)  during  the  O-K  PRE-STORM  campaign.  The  large  circles  indicate 
areal  coverage  of  CP-3  and  CP-4,  (from  RUTLEDGE  et  al.,  1988). 
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divergence  within  the  circular  boundary  are  obtained.  Integration  of  the  divergence  yields  the  profile  of 
vertical  air  motion.  The  McPherson  site  lay  well  within  the  scanning  range  of  both  the  NCAR  radars. 
For  one  hour  shortly  after  the  passage  of  the  convective  line,  CP-4  was  operated  at  vertical  incidence. 

By  approximately  2000  GMT  on  10  June  a squall  line  had  developed  over  southwest  Kansas.  The 
system  intensified  as  it  propagated  eastward  and  southeastward.  Composite  digitized  reflectivity  data 
from  three  National  Weather  Service  weather  radars  located  at  Wichita,  Kansas;  Oklahoma  City, 
Oklahoma;  and  Amarillo,  Texas,  is  shown  in  Fig.  2 for  0151  GMT  on  11  June,  with  darker  regions 
denoting  higher  reflectivities.  The  leading  convective  edge  of  the  squall  line  is  evident  as  a narrow 
band  of  high  reflectivity  stretching  over  700  km  and  oriented  roughly  from  northeast  to  southwest.  A 
broad  region  of  trailing  stratiform  precipitation  is  evident  behind  the  line  of  high  reflectivity.  The 
squall  line  had  reached  or  surpassed  maturity  at  this  time,  and  the  leading  edge  had  passed  the 
McPherson  profiler  and  the  CP-3  and  CP-4  radars.  The  operation  of  the  McPherson  profiler  was 
suspended  from  0130  GMT  until  0230  GMT  on  June  11  during  the  most  intense  portion  of  the  storm. 

ANALYSIS  OF  THE  DATA 

The  complex  time  series  data  recorded  before  and  after  the  squall  line  passage  were  converted  to 
Doppler  power  spectra  by  means  of  a complex  fast  Fourier  transform  (FFT).  Spectra  from  the  zenith- 
pointing beam  were  incoherently  averaged  over  10  minutes  and  the  noise  level  determined  by  use  of  the 
method  originally  suggested  by  HILDEBRAND  AND  SEKHON  (1974).  The  reflectivity  at  vertical 
incidence  is  shown  in  Fig.  3a  and  3b.  The  signal  strengths  in  clear  air  conditions  always  decrease  by 
~2  dB/km  with  height.  Therefore,  the  reflectivity  contours  generally  show  enhancements  below  6 km 
for  the  particular  contouring  levels  chosen  in  this  case.  Enhanced  reflectivities  stretch  higher  to  12  or 
13  km  before  2100  GMT  on  June  10  indicating  the  presence  of  a local  thunderstorm  near  McPherson, 
The  enhancements  above  6 km  after  0100  GMT  show  the  convective  edge  of  the  squall  line.  There  is 
also  a barely  perceptible  band  of  higher  reflectivities  near  14  km,  corresponding  to  the  height  of  the 
tropopause. 

In  Fig.  3b,  the  specular  echoes  from  the  tropopause  are  more  clearly  evident  at  heights  between  14.5 
and  14.0  km,  with  the  altitude  descending  as  time  progresses.  The  reflectivities  below  12  km  tapered 
off  gradually  as  the  squall  line  passed  the  radar  until  more  typical  clear  air  values  were  reached  around 
0500  GMT.  Strong  increases  in  the  noise  level  are  evident  near  0300,  0410,  and  0500  GMT.  These 
echoes  are  most  likely  associated  with  lightning  echoes.  The  lightning  data  presented  by  RUTLEDGE 
AND  McGORMAN  (1988)  show  lightning  to  be  present  near  the  radar  at  these  times. 
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Domain:  700  X 700  km  Radar:  Compos! t 
Contours  <dB*>-  13,30,40,45,50,33  Tilt  (max).  .3;  (min)-  .7 

Satallita  File:  /Pr«_Stoca/Sat/f851620200.sat 
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REFLECTIVITY  (CdB  cont.  int.) 


REFLECTIVITY  (3  dB  cont.  int.) 


3.  4.  5.  6. 


1 1 JUNE 


re  3.  a.  Reflectivity  at  vertical  incidence  measured  with 
profiler  at  McPherson,  KS  for  the  pre-squall  period.  Contour  intervals  at  3 dB 
value,  b.  Same  as  (a.)  for  the  post-squall  period. 


the  VHF  wind 
starting  from  peak 
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In  clear  air  conditions,  spectra  averaged  over  as  much  as  5 min  can  be  meaningful  when  the  How 
conditions  are  changing  slowly.  During  the  squall  line  passage,  the  best  possible  time  resolution  was 
needed  in  order  to  describe  the  flows  associated  with  the  squall  line  and  to  account  for  the  contribution 
of  precipitation  in  some  of  the  lower  altitude  spectra  during  periods  of  heavy  ram.  Therefore,  no  initial 
incoherent  averaging  of  the  spectra  was  applied,  giving  a time  resolution  of  40  s.  A nonlinear  least- 
squares  fitting  was  used  to  estimate  the  mean  radial  velocity  of  the  turbulent  and  precipitation 
scatterers  within  each  sampling  volume.  Some  of  the  spectra  contained  a single  peak  due  to  turbulent 
scattering  while  others  contained  a secondary  peak  caused  by  scattering  from  precipitaion  particles. 
Each  spectrum  was  normalized  to  its  peak  and  a single  Gaussian  was  fitted  to  the  data.  If  the  residual 
exceeded  a critical  value,  a second  Gaussian  was  incorporated  in  the  fit  to  the  spectrum.  The  double- 
Gaussian  was  retained  only  if  it  yielded  a smaller  residual.  However,  if  neither  attempt  provided  a 
suitably  close  approximation  of  the  signal,  the  data  point  was  flagged  so  that  a velocity  value  for  the 
gate  and  time  could  be  interpolated  from  neighboring  values.  For  the  double-peaked  spectra,  the  peak 
corresponding  to  the  greater  velocity  toward  the  radar  was  assumed  to  be  the  precipitation  signal  and 
the  remaining  peak  was  taken  to  be  the  air  velocity  component.  The  contribution  of  the  vertical  air 
motion  to  the  radial  velocities  measured  along  the  off-zenith  beams  was  subtracted  in  order  to  provide 
the  most  accurate  estimate  of  the  horizontal  wind. 

RESULTS 

The  horizontal  flow  relative  to  the  squall  line  measured  at  McPherson  during  the  early  hours  of  11 
June  is  shown  in  the  upper  panel  of  Fig.  4.  Note  that  time  increases  to  the  left  in  the  figure  so  that  the 
time/height  cross-section  can  be  viewed  as  a spatial  cross-section  of  the  storm  at  a single  time.  A 
downward-sloping  rear  inflow  jet  is  evident  at  midlevel  altitudes  between  3 and  5-6  km,  as  well  as  a 
strong  front  to  rear  flow  aloft.  The  features  are  in  general  agreement  with  the  cross-section  observed 
with  the  scanning  CP-4  radar  at  0414  GMT  except  that  the  boundary  between  the  low-level  rear  inflow 
and  upper  level  outflow  shows  a greater  slope  in  the  CP-4  data  and  reaches  a higher  altitude.  The 
velocity  magnitudes  are  similar  in  both  sets  of  observations.  Although  the  agreement  is  encouraging, 
discrepancies  are  to  be  expected  since  the  McPherson  profiler  provided  height  measurements  at  a single 
location  over  a period  of  3-4  hr  while  the  CP-4  data  was  obtained  from  a single  scan  near  the  midpoint 
in  the  profiler  observations. 

In  Fig.  5,  a comparison  of  a single  7 minute  averaged  profile  of  the  relative  horizontal  flow  at 
McPherson  at  0410  GMT,  plotted  as  a solid  line,  and  the  relative  flow  measured  with  CP-4  at  0345 
GMT  and  CP-3  at  0334  GMT,  denoted  respectively  by  + and  0,  is  shown.  The  time  of  the  profiler 
data  was  selected  to  account  for  the  lag  due  to  the  spatial  seperation  of  the  radars.  There  is  good 
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0410  GMT  11  JUNE  MCPHERSON 
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Figure  5.  Single  profiles  of  relative  horizontal  flow  (Vrel)  ln  , W'^  nnTiVnGE 

CP-3  (0),  and  VHF  profiler  (-).  Sign  convention  as  in  fig.  4.  CP-3  and  CP-4  data  by  RUTLEDGE 

et  al.  (1988)  using  EVAD  analysis. 


0410  GMT  11  JUNE  MCPHERSON 


e 7.  Single  profiles  of  vertical  velocity  (w)  in  m s 1 with  CP-4 
and  VHF  profiler  (-).  Sign  convention  as  in  fig.  6.  CP-3  and  CP-4  data  by 


(+),  CP-3  (0) 
RUTLEDGE  et  al 


(1988)  using  EVAD  analysis. 
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agreement  between  the  three  curves  but  particularly  between  the  profiler  and  the  CP-4  data.  The 
profiler,  however,  shows  larger  negative  velocities  between  10  and  12  km  than  either  of  the  other  two 
radars. 

The  vertical  air  motion  measured  in  the  stratiform  precipitation  region  by  the  profiler  is  shown  in  the 
upper  panel  in  Fig.  6,  and  the  corresponding  measurements  obtained  by  the  CP-4  radar  operated  at 
vertical  incidence  are  shown  in  the  lower  panel.  The  CP-4  values  represent  an  attempt  to  estimate 
vertical  air  velocity  w by  deriving  particle  fallspeed  VF  from  the  observed  reflectivity  and  adding  to  it 
the  measured  Doppler  velocity  W.  Only  data  above  the  melting  layer  are  included  for  CP-4.  A strong 
updraft  is  evident  during  the  first  10  min  after  0233  GMT  in  the  CP-4  data,  but  there  is  only  a slight 
indication  of  a similar  feature  in  the  profiler  vertical  velocity  data.  However,  the  vertical  velocities  are 
predominantly  positive  above  10  km  in  both  data  sets.  The  magnitudes  are  comparable  in  both 
measurements  after  0243  GMT  but  stronger  in  the  CP-4  data  between  0233  and  0243  GMT.  The 
strong  updrafts  may  have  been  highly  localized  in  this  case  so  that  they  were  only  evident  above  the 
CP-4  radar. 

Fig.  7 shows  a comparison  of  vertical  velocity  profiles  measured  with  the  profiler  at  McPherson  at  0410 
GMT,  and  CP-3  and  CP-4  at  0334  and  0345  GMT,  respectively.  There  is  good  agreement  between 
the  measurements  below  10  km.  All  three  profiles  indicate  downdrafts  below  5-6  km  and  updrafts  at 
the  higher  altitudes.  Above  10  km,  the  profiler  shows  an  abrupt  increase  in  the  magnitude  of  the 
updrafts  which  is  not  corroborated  by  the  other  two  measurements. 

The  discrepancy  at  the  upper  heights  is  apparently  due  to  a loss  of  signal-to-noise  ratio  in  the  profiler 
measurements.  In  a small  height  range  near  14.5  km,  the  reflectivities  increase  due  to  the  aspect 
sensitive  echoes  associated  with  the  tropopause.  Near  the  tropopause,  smaller  vertical  velocities  were 
produced  with  values  in  better  agreement  with  the  meteorological  radar  measurements.  Averaging  over 
longer  time  intervals  will  improve  the  detectability  of  the  signal  in  the  upper  range  gates,  but 
increasing  the  averaging  will  only  be  sensible  if  the  velocity  values  remain  nearly  constant  over  a longer 
period.  The  latter  condition  is  generally  fulfilled  in  clear  air  conditions  but  not  during  active  periods 
such  as  the  squall-line  passage.  The  height  coverage  afforded  by  a particular  radar  is  dependent  on  the 
transmitter  power  and  antenna  area.  The  particular  combination  used  in  the  McPherson  system 
produced  good  signal-to-noise  ratios  for  40-s  spectra  up  to  ~10  km  altitude. 


CONCLUSIONS 

The  vertical  velocity  measurement  capability  of  the  radar  wind  profiler  technique  shows  a great  deal  of 
potential  for  studies  of  mesoscale  dynamics.  However,  verification  of  the  radar  measurements  has  been 
a problem  since  there  is  no  other  technique  with  comparable  accuracy  for  direct  vertical  velocity 
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measurements.  Several  studies  have  compared  the  profiler  measurements  to  vertical  velocities 
calculated  from  standard  radiosonde  data.  Such  comparisons  have  increased  our  confidence  in  the 
measurements,  but  discrepancies  can  generally  be  explained  away  by  considering  the  differences  in  the 
sampling  schemes  associated  with  the  two  data  sets.  The  EVAD  method  used  with  conventional 
meteorological  radars  only  works  during  precipitation  events  such  as  the  squall  line  passage  studied 
here.  Nonetheless,  there  is  an  opportunity  for  comparison  with  the  VHF  profiler  data  when  the 
turbulent  and  precipitation  scatter  components  in  the  spectra  are  carefully  separated  as  we  have  done. 
The  profiles  measured  with  the  two  types  of  instrumentation  are  in  good  agreement  over  a broad 
height  range,  although  the  profiler  measurements  led  to  apparently  erroneous  values  at  heights  in  the 
upper  troposphere.  The  agreement  between  the  two  measurement  techniques  indicates  the  great 
potential  of  the  profilers  for  studies  of  active  mesoscale  systems,  such  as  squall  lines. 
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1. 


INTRODUCTION 


Specular  echoes  are  observed  routinely  by  clear-air  Doppler  radars  operat- 
ing at  lower  VHF.  They  are  detected  from  heights  where  the  static  stability  is 
strong  and  are  detected  only  when  the  antenna  is  pointed  near  the  vertical 
direction  (e.g.,  GAGE  AND  GREEN,  1978;  ROTTGER  AND  LIU,  1978;  GAGE  et  al.  , 

1981;  LARSEN  AND  ROTTGER,  1982;  TSUDA  et  al , 1986;  HOCKING  et  al , 1986). 
Considerable  progress  has  been  made  during  the  past  decade  both  in  modeling 
these  echoes  (e.g.,  GAGE,  et  al , 1981;  HOCKING  AND  ROTTGER,  1983,  DOVIAK  AND 
ZRNIC , 1984;  GAGE  et  al , 1985),  and  in  developing  an  obj ective  tropopause - 
detection  method  using  the  relation  between  atmospheric  stability  and  the 
strength  of  the  specular  echoes  (GAGE  AND  GREEN,  1982;  GAGE  et  al . , 1986, 

SWEEZY  AND  WESTWATER,  1986).  Until  recently,  however,  most  clear-air  VHF 
Doppler  radars  were  located  in  or  near  mountainous  terrain,  so  that  all  of  the 
above  studies  were  made  in  regions  where  orographic  effects  are  important. 
Therefore,  in  May,  1988  an  experimental  campaign  was  conducted  at  the  Flatland 
VHF  clear-air  Doppler  radar  site,  which  is  located  in  very  flat  terrain  far 
removed  from  mountainous  regions,  to  study  specular  echoes  in  this  region  of 
simple  topography. 


2.  DESCRIPTION  OF  EXPERIMENT 

The  Flatland  radar  (GREEN  et  al . , 1988)  is  located  about  8 km  west  of  the 
Champaign-Urbana,  Illinois,  airport  [40.05°  N,  88.38°  W,  212  m above  mean  sea 
level  (MSL) ] . This  clear-air  Doppler  radar  operates  at  a frequency  of  49.8  MHz 
(6.02  m wavelength).  During  this  experiment  the  antenna  was  pointed  in  the 
vertical  direction,  the  peak  and  average  transmitted  power  were  about  10  kw  and 
150  watts,  respectively,  and  the  pulse  length  and  matching  range  resolution 
were  750  m.  The  antenna  has  an  area  of  about  2500  m squared,  and  the  ef- 
ficiency factor,  a,  for  the  radar  system  was  0.5.  Useful  data  was  obtained  in 
two  height  regions:  from  5 km  to  about  7 or  8 km,  and  from  the  tropopause  to 
about  15  km. 

In  this  study  we  compare  the  strength  of  the  vertically- looking  radar 
echoes  with  the  modified  Fresnel  scatter  model  given  by  GAGE  et  al.  (1985). 

From  this  model,  the  normalized  signal  power  (watts)  is  given  by 
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where  M is  the  mean  gradient  of  generalized  potenti jl^radio  refractive  index 
(OTTERSTEN,  1969),  and  FX(A)  is  taken  to  be  0.08  m . M was  calculated  from 
the  CLASS  balloon- soundings  data.  CLASS  is  a high- resolution  research- quality 
upper-air  balloon- sounding  system  developed  by  NCAR  (LAURITSEN  et  al . , 1986). 
The  data  used  in  this  study  were  ten-second  smoothed  data.  The  usual  ascent 
rate  was  about  3 m/s  or  slower,  which  gave  a height  resolution  of  about  30  m/s 
or  better.  The  balloon  launch  site  was  located  about  40  m east  of  the  Flatland 

radar  antenna . 
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3 . PRELIMINARY  RESULTS 

of radar  S^  profiles  with  model  estimates 

An  example  of  the  radar  Sv  height  profiles  and  corresponding  balloon 
temperature  and  model  estimate  profiles  are  shown  in  the  figure.  Height 
profiles  of  radar  Sy  are  shown  in  panel  (A).  The  log  S scale  is  relative,  and 
the  magnitude  of  the  radar  data  is  determined  by  comparing  it  with  a model 
profile  (described  below).  In  this  preliminary  study,  standard  methods  were 
used  to  scale  the  Doppler  spectra.  Panel  (A)  summarizes  the  radar  measurements 
for  an  hour.  The  median  profile  of  all  the  profiles  taken  during  an  hour  is 
given  by  the  solid  line.  The  extreme  values  for  the  hour  are  given  by  the 
short  dashed  line,  and  the  upper  and  lower  quartiles  are  the  dashed-dotted 
lines . 


tOQ  RELATIVE  SV  TEMPERATURE  <C) 


C • D 


LOG  SV  LOG  SV 


Figure.  Height  profiles  of  Flatland  radar  measurements,  temperature, 
and  model  estimates  for  15-16  hours  UT  on  10  May  1988. 

(A)  Profile  of  radar  Sy  (-SV  on  the  Figure).  The  solid  line  is  the 
median  of  the  measurements  for  the  hour,  the  dotted  lines  are  the 
extreme  values,  and  the  dash-dot  lines  are  the  upper  and  lower 
quartiles,  respectively. 


(B)  Temperature  profile  from  CLASS  sounding.  The  balloon  was 
launched  at  1011  UT  on  10  May  1988. 


(C)  Smoothed  model  estimate  and  test  -2°/km  profiles.  Both  profiles 
are  derived  from  the  CLASS  balloon  sounding  data. 

(D)  Model  estimate  and  test  0°/km  profiles.  Both  profiles  are 
derived  from  the  CLASS  balloon  sounding  data. 


Panel  (D)  shows  the  model  profile  calculated  from  equation  (1)  using  the 
CLASS  upper  air  data  to  compute  M using  all  the  high- resolution  data.  Note  the 
very  large  fluctuations  in  Sy.  To  compare  the  model  S profile  with  the  radar 
S profile,  the  high-resolution  model  was  smoothed  witK  a Gaussian  filter, 
which  roughly  approximates  the  radar  range  gate  height  function.  Panel  (C) 
shows  this  smoothed  model  profile.  In  this  example  the  shape  of  the  smoothed 
model  and  radar  profile  agree  well. 
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Tropopause  height  determination 

Panel  (B)  shows  the  temperature  profile.  In  this  example  the  temperature 
tropopause  is  poorly  defined.  We  find  that  an  objective  two-step  procedure 
using  both  the  smoothed  and  high-resolution  model  profile  leads  to  a more 
accurate  model  tropopause  height  determination  than  simply  using  either  profile 
alone.  This  procedure  is  easily  demonstrated  by  using  panels  (C)  and  (D;  or 
the  Figure.  The  first  step  [shown  in  panel  (C)]  is  to  find  ^interaction  of 
the  smooth  profile  with  a -2° /km  temperature  gradient  test  prof ile . This  is 
similar  to  the  usual  procedure  except  that  the  model  profile  is  smoothed.  The 
tropopause  test  begins  at  the  500  mb  level  (about  5.6  km)  and  proceeds  upwards. 
We  look  for  an  intersection  between  the  two  curves  such  that  the  model  is  less 
than  the  test  curve  below  the  intersection  and  greater  than  the  test  curve 
above  the  intersection.  Furthermore,  the  model  must  remain  larger  than  the 
test  curve  for  two  km  above  the  intersection.  This  first  step  gives  a lower 
estimate  to  the  model  tropopause  height. 

The  second  step  of  this  model  tropopause -detection  procedure  is  to  find 
the  intersection  of  the  high-resolution  model  profile  with  a 0°Am  temperature 
gradient  test  curve  as  shown  in  panel  (D) . This  step  begins  at  the  height  of 
the  tropopause  estimated  in  step  one  and  proceeds  upwards  until  an  intersection 
between  the  two  curves  is  found  with  the  same  sense  as  In  step  one.  The  height 
of  this  intersection  is  the  model  tropopause  height.  The  0°/km  test  curve 
gives  accurate  results  for  this  data  set,  but  a different  test  temperature 
gradient  value  may  be  better  at  other  locations  or  seasons.  Because  the  first 
test  is  applied  to  the  smoothed  profile,  this  two-step  procedure  is  very 
robust.  In  this  example,  the  temperature,  model,  and  radar  tropopause  heights 
are  10.82,  10.81,  and  11.09  km,  respectively. 


4.  CONCLUSIONS 

The  shape  of  height  profiles  of  specular  echo  strength  measured  in  the 
tropopause  and  lower  stratosphere  by  the  Flatland  radar  agree  well  with  the 
modified  Fresnel  scatter  model  (GAGE  et  al . , 1985)  computed  from  upper-air 
balloon  data.  The  radar  tropopause  height  can  be  determined  accurately  even 
with  a radar  system  operating  with  low  transmitted  power. 
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CLEAR  AIR  RADAR  OBSERVATIONS  OF  THE  GREAT  OCTOBER  STORM  OF  1987 
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83100  TOULON,  FRANCE 

(2)  Department  of  Atmospheric  Sciences  UCLA,  LOS  ANGELES,  CAL,  USA 


Radar  Provence  was  measuring  the  three  dimensional  wind  velocities  and 
the  reflectivity  above  its  location  at  Lannion,  Brittany  £’1007  Th 

beginning  from  several  days  prior  to  the  great  October  storm  of  1987.  The 
wind  measurements  were  obtained  for  most  of  the  troposphere  and  lower  stra- 
tosphere with  a time  resolution  of  4 minutes  and  a height  resolution  of 
600  meters.  Time-height  cross-sections  of  suitably  averaged  horizontal 
vertical  wind  velocities  are  presented  in  this  paper  for  a 48  hour  period 
terminated  by  the  power  supply  failure  at  22  UT  October  15  coinciding  with 
the  most  intense  phase  of  the  storm.  In  addition,  thermal  advection  patterns 
derived  from  the  vertical  shears  of  the  horizontal  wind  and  evolution  of 
tropopause  altitude  derived  from  the  enhancement  of  reflectivity  due  to  large 
stability  ( BAZILE, 1988)  are  also  shown.  It  is  found  that  the  veloci  y 
patterns  and  the  thermal  advection  pattern  give  a mutually  consistent  picture 
of  the  evolution  of  the  storm  and  of  the  frontal  surfaces,  as  viewed  from  e 
radar  station  (CROCHET  et  al.,1989). 
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1 . INTRODUCTION 


The  past  decade  has  seen  a rapid  increase  in  the  use  of  wind-profiling 
Doppler  radars  In  atmospheric  research  (GAGE,  1989).  With  a few  notable  exceD- 
tions  most  atmospheric  research  using  wind  profilers  has  been  carried  out  with 
individual  radars  With  the  current  wide-spread  acceptance  of  clear-air  radar 
wind-profiling  technology,  field  programs  are  increasingly  taking  advantage  of 
the  continuous  wind  observations  available  from  wind  profilers  At  the  same 
time  several  companies  have  become  active  in  developing  and  marketing  wind 
profilers  With  the  deployment  of  the  30  station  network  of  wind  profilers  in 
the  central  United  States,  it  appears  evident  that  we  are  on  the  threshold  of  a 
new  era  in  which  wind  profilers  will  become  an  integral  part  of  the  next  gener- 
ation  weather  observing  system.  6 


While  much  of  the  wind  profiler  research  community  has  been  focused  on 

atmosPh®ric  research*  the  Aeronomy  Laboratory's  Tropical  Dynamics 
and  Climate  Program  has  focused  its  attention  on  the  use  of  wind  profilers  in 
the  tropics  to  study  the  scale  interactions  that  take  place  between  tropical 
convection  and  large-scale  atmospheric  circulation  systems.  Because  the  wind 
profilers  observe  vertical  as  well  as  horizontal  motions,  the  relationship 
between  atmospheric  vertical  motions  and  convective  systems  in  the  tropics  can 
now  be  examined  directly.  In  addition,  the  wind  observations  from  the  new  wind 
profilers  augment  the  existing  base  of  conventional  observations  available  in 
the  tropics.  For  example,  wind  observations  from  Christmas  Island  are 
routinely  transmitted  via  GOES  satellite  and  input  into  the  Global 
Telecommunications  System  (GTS)  for  world-wide  dissemination.  These  observa- 
ar*  a^ready  being  used  routinely  by  the  National  Meteorological  Center 
(NMC)  and  the  European  Centre  for  Medium  Range  Weather  Forecasts  (ECMWF)  in 
their  analysis  and  forecast  products  (GAGE  et  al.,  1988). 


This  paper  is  broadly  concerned  with  the  application  of  wind  profiling 
technology  to  tropical  atmospheric  research.  Specifically,  we  will  present 
some  preliminary  results  of  wind  profiler  studies  of  tropical  convection  and 
discuss  the  construction  of  a trans -Pacific  wind  profiler  network  as  it  relates 
to  studies  of  equatorial  waves  and  large-scale  atmospheric  circulation  systems 
associated  with  El  Nino-Southern  Oscillation  (ENSO)  phenomena. 
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2.  CONVENTIONAL  WIND  OBSERVATIONS  IN  THE  TROPICS 

tab  t-roDics  are  poorly  observed  compared  to  the  populated  land  masses  in 

Typically , these  winds  are  limited  t g was  found  by  HUBERT  AND 

and  the  200-300  mb  region.  e accuracy  level  additional 

THOMASELL  (1979)  to  be  no  better  than  ±5  ms  At  the  ««  cheir  precision 

lilxJellenfSl  their  £°ig htTstribution  and  geographical  coverage  is 

very  limited. 

»“"•  S’ tSlJ ItSlS:  2S  in  th.  l,.t  deed.  or  so. 

C".  J S 2.  «“iS  iith  longer  record,  ere  no  longer  in  oper.rron  or  do 

Ss'uiTOS;  lSU.nd°Li»  (U“!  "°“l  me  trend  over  the 
"«r'»o  d'o^:  C,  been  In  the  direction  of  , decreeing  d.t.  be,,  for  re.in- 
sonde  stations  over  the  tropical  Pacific. 


Figure  1. 


e distribution  of  tropical  rawinsonde  stations  for  which 
or,  if  leant  data  is  included  in  the  NCAR  archives. 


equator  that  is  currently  in  r _prtor  \s  greatly  undersampled. 

For  many  purposes  the  equatorial  Pacific  sector  is  greaexy 
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3.  WIND  PROFILER  RELATED  RESEARCH  IN  THE  TROPICAL  PACIFIC 


. S®v®ral  wind’P5ofilinK  Doppler  radars  have  been  operated  in  the  tropics 
and  sub-tropics.  These  include  the  Jicamarca  radar  (12'S  77°U)  J* 

mlddll  lL°n  a CaTignKbaSiS  and  eXCept  for  Chul»g-Li  are  engaged  mostly  in 
middle  and  upper  atmosphere  research.  & 6 n 


The  Aeronomy  Laboratory  has  been  involved  with  the  use  of  ui„h  „„fn 

PohSei^rofile^has  **“  P°hnpel  wind  Profiler  was  installed.  The” 

Pobnofl  P Sf11  has  befn  used  to  measure  continuously  vertical  velocities  over 
Pohnpei  ^ese  vertical  motions  have  been  related  to  convective  storms  and 
n f ^ ALSLEY  et  al.  (1988)  and  the  influence  of  topography  at  Pohnpei  on 
tv,  ou  ? ed  vertical  motions  has  been  considered  by  BALSLEY  AND  CARTER  MQftQ'i 
The  Christmas  Island  radar  was  constructed  by  the  Aeronomy^ LCat^y “n  llll  ' 

three  fredTra  n!  April  1986  * The  Christmas  Island  wind  profiler  has 
Wind  nb1  d ^®aD1S  and  r°utinely  measures  horizontal  and  vertical  velocities 
Wind  observations  from  the  Christmas  Island  profiler  are  routinely  transmitted 
via  satellite  and  input  onto  the  GTS  GAGE  et  al  n 9ft*n  Wr*  y «...  smitted 

zifxzxsi  “2-2  s-sss; 

fcrs  a*'  EF  & lus^ th* 


^rtical  Vfelocrty  vs.  Time  end  Height 
During  a Strong  Convective  Event 
(Pohnpei,  20  November  1984) 


Figure  2.  Signature  of  convective  "hot  tower"  as  seen  by 
the  Pohnpei  wind  profiler. 
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Averaee  vertical  motions  seen  by  the  Pohnpei  wind  profiler  during  its 
first  two  ?ears  of  operation  have  been  stratified  by  rainfall  rate  from  surface 
measurements^*  reveal  how  the  vertical  motion  field  is  affected  by  the 
presence  or  absence  of  convection.  The  results  of  this  study  published  by 
BALSLEY  et  al  (1988)  are  shown  in  Figures  3-5.  Figure  3 shows  the  resul 
obtained  when  the  t™n8. 

ISTS'kT ‘ uLlCT™ rU™.  3 u“bl  vertical  verity  profile  d.dnced  by 

Si  fU?2SJE?ii  2&S3{  -StS  SS~- 

REED  AND  RECKER  (1971)  and  these  also  show  a similar  disparity  with  the  G 
results  The  vertical  profile  of  condensation  heating  1*  related  to  the  verti- 
cal motion  profile.  As  pointed  out  by  HARTMANN  et  al.  (1984)  the  vertical 
distribution  of  diabatic  heating  in  the  tropics  is  important  for  the 
parameterization  of  global  climate  models. 


Mean  Vertical  Wind  Profiles  in  Predominantly 


w l of  the  rain  that  falls  in  the  tropics  is  now  thought  to  be  associated 

S“t“.c.U  convective  .yet..,  Flgnr,  4 ,ho„.  .vet.g. ln 
predominantly  stratiform  rainfall  regions  as  deduced  from  the  direct 
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nrnfi?al  rp°£ity Jm®asurements  using  the  Pohnpei  wind  profiler.  The  observed 

£ AND^HOUZE ^ f 19 8 5 1 °°nsi/tBnt  ^th  the  profile  determined  for  GATE  by 
UAMACHE  AND  HOUZE  (1985).  The  downward  velocity  at  the  lowest  heights  is 

commonly  associated  with  stratiform  rain  in  mesoscale  convective  systems. 

Mean  Vertical  Wind  Profiles  in 
Predominantly  Stratiform  Rain  Regions 


-20  -15  -10  -5  0 5 

Vertical  Velocity  {cm  sec-1) 

Figure  4.  Average  vertical  wind  profiles  from  the  Pohnpei 

profiler  between  October  1984  and  September  1986  for 
rainfall  rates  corresponding  as  closely  as  possible 
to  stratiform  conditions.  (After  BALSLEY  et  al . 1988). 


oh.er^H  Pre£°^nantly  cle*r  conditions  at  Pohnpei,  average  vertical  motion  is 
observed  to  be  downward  at  all  heights  as  shown  in  Figure  5.  The  magnitude  of 

to6soace  6*Cendinf  m°tion  is  "hat  is  required  to  balance  the  radiative  cooling 
. . P ' In  magnitude  and  shape  the  Pohnpei  measurements  agree  well  with 

indirect  determinations  by  REED  AND  RECKER  (1971)  and  McBRIDE  AND  GRAY  (1980). 

hor  ^hrifmas  Isi^nd  wind  profiler  has  provided  routine  measurements  of 

horizontal  and  vertical  velocities  since  late  March  1986.  A sample  day  plot  of 

Christmas°TSl f°H  Christmaf  Ialand  is  shown  in  Figure  6.  Wind  observations  from 
Christmas  Island  are  routinely  used  by  NMC  and  ECMWF  in  their  operational 

?"Sls*"d  forecast  products.  GAGE  et  al . (1988)  compared  the  Christmas 
Island  observations  with  the  analyses  of  both  centers.  A sample  comparison  for 

tio^and^M  at  f°2unb  u®  ln  FigUre  7’  Statistlcs  °f  the  standard  devia- 

tion and  bias  of  the  observed  winds  relative  to  the  analyses  is  shown  in 

devi^M  8 anH  h reSP6CtiVuly'  In,Provement  1®  considerable  in  both  standard 
Christmaf  Tf  bd*V5  the  introduction  of  the  winds  into  the  analyses.  The 
Christmas  Island  winds  were  first  used  in  the  NMC  analyses  in  mid-January  1987 
and  in  the  ECMWF  analyses  in  April  1987.  * 
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Mean  Vertical  Wind  Profiles  for 
Predominantly  Clear  Conditions 


Vertical  Wind  Velocity  (cm/s) 


Fieure  5 Average  vertical  wind  profile  determined  by  the 

Pohnpei  wind  profiler  for  250  hourly  periods  between 
December  1984  and  June  1985,  when  the  sky  cover  was 
< 30%  as  determined  by  the  Pohnpei  weather  station. 
(After  BALSLEY  et  al . 1988).  N 


Figure  6.  Time -Height  vector  plot  of  Christmas  Island  winds 
observed  on  22  March  1986. 
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2 4 6 8 10  12  14  16  18  20  22  24  26  28  30 
Day 

Figure  7.  Multi-Height  time  series  of  zonal  winds  observed  at 
Christmas  Island  for  the  month  of  May  1987.  Inter- 
polated NMC  and  ECMWF  analyses  are  shown  for  comparison 
(After  GAGE  et  al . 1988). 


Std.  Dev.  (m  sec  1) 

® NMC  • ECMWF 


Month  Month 

Figure  8.  Time  series  of  monthly 
standard  deviation  of  Christmas 
Island  winds  compared  to  NMC  and 
ECMWF  analyses,  (After  GAGE  et  al 
1988) 


Bias  (m  sec-1) 

0 NMC  • ECMWF 


Month  Month 


Figure  9.  Time  series  of  monthly 
bias  of  Christmas  Island  winds 
compared  to  NMC  and  ECMWF  analyses. 
(After  GAGE  et  al . 1988). 
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4.  A TRANS -PACIFIC  NETWORK  OF  WIND  PROFILERS 

The  atmosphere  across  the  tropical  Pacific  is  far  from  uniform.  Sea 
surface  temperatures  are  typically  much  warmer  in  the  western  Pacific  than  y 
are  in  the  central  and  eastern  Pacific.  Convection  tends  to  be  concentrated 
over  the  warm  water  which  normally  resides  in  the  western  Pacific.  As  shown  n 
Figure  10,  large-scale  ascent  typically  occurs  centered  over  the  western 
Pacific  and  Indonesian  maritime  continent.  The  zonal  circulation  across  the 
Pacific  basin  is  referred  to  as  the  Walker  Circulation.  This  zonal  circulatio 
is  most  pronounced  during  the  anti  El-Nino  phase  of  the  Southern  Oscillation 
which  represents  the  quasi-periodic  interannual  variation  of  the  Walker  cir- 
culation (RASMUSSON  AND  WALLACE,  1983). 


EAST-WEST  (WALKER)  CIRCULATION  ALONG  EQUATOR 
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Hoskins  and  Pearce,  Eds.  ,1983 


Figure  10.  Walker  circulation  along  the  equator.  (After  WEBSTER,  1983) 

The  intra- seasonal,  seasonal,  and  interannual  variations  in  tropical  sea 
surface  temperature,  tropical  convection  and  atmospheric  circulation  systems  is 
a subiect  of  much  contemporary  research.  Variations  in  the  longitudinal  di 
tribution  of  tropical  convection  are  evident  in  patterns  of  outgoing  long-wave 
radiation  measured  by  satellite  (LAU  AND  CHAN.  1985).  Systematic  patterns  of 
low-level  convergence  and  upper-level  divergence  are  clearly  associated  w^h 
the  regions  of  most  intense  convection  (WEICKMANN,  1983)^  The  influence  of  the 
non-uniform  distribution  of  tropical  convection  across  the  Pacific  basin  is 
evident  in  the  longitudinal  variation  of  tropopause  properties;  a s discussed by 
gIgE  et  £.  (1987)6  Recent  diagnostic  studies  by  REID  et  al  (1989)  show  that 
the  influence  of  the  ENSO  signal  can  be  seen  at  least  into  the  lower  strato 
sphere.  It  is  thought  that  the  influence  of  the  varying  tropical  hea^n6 
patterns  create  global  teleconnections  that  influence  weather  around  the  globe 
(HOREL  AND  WALLACE,  1981). 

Clearly,  an  understanding  of  the  coupled  ocean  atmosphere  dynamics  that 
governs  the  ENSO  phenomena  is  of  prime  importance  in  making  further  progress  in 
climate  forecasting.  The  Tropical  Ocean  Global  Atmosphere  (TOGA)  Program  is 
taJStloS  pro*™  designed  to  develop  .»  vnderst.nding  o£  the  coupled  oce.n 
atmosphere  system  over  the  tropics.  An  important  part  of  the  TOGA  effort  is  an 
intensive  ten-year  monitoring  program  to  observe  the  tropical  oceans  and  atmos- 

phere . 
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Evidence  is  accumulating  that  the  western  Pacific  region  plays  a key  role 
in  the  initiation_of  ENSO  events  (LUKAS,  1988).  Since  the  processes  that  give 
rise  to  the  El  Nino  are  so  poorly  understood,  a coordinated  effort  is  needed  in 
the  western  Pacific  to  develop  the  requisite  understanding  to  make  further 
progress  (LUKAS  AND  WEBSTER,  1988).  The  TOGA  Coupled  Ocean  Atmosphere  Response 
Experiment  (COARE)  is  planned  for  the  early  1990s. 

Figure  11  shows  the  Pacific  Ocean  basin  and  the  location  of  the  proposed 
network  of  wind  profilers.  Profilers  are  already  located  at  Pohnpei  and 
Christmas  Island.  At  the  eastern  end  of  the  network  a wind  profiler  is  under 
construction  at  Piura,  Peru.  At  the  western  end  we  plan  to  construct  a wind 
profiler  at  Biak,  Indonesia,  in  cooperation  with  the  Indonesian  National 
Institute  of  Aeronautics  and  Aerospace  (LAPAN) . When  the  planned  International 
Equatorial  Observatory  (IEO)  is  taken  into  account,  a truly  international 
network  of  at  least  five  wind  profilers  will  eventually  span  the  equatorial 
Pacific. 


Figure  11.  Planned  trans - Pacific  network  of  tropical  wind  profilers. 


Wind  observations  from  the  proposed  network  should  greatly  aid  the  TOGA 
observational  effort  and  provide  a valuable  new  source  of  observations  to 
•F1?”  * vaffet^  of  dyn«nical  phenomena  in  the  tropics.  The  western  stations 
should  be  well  placed  to  be  of  use  to  the  TOGA  COARE  experiment.  The  proximity 
of  the  network  stations  to  the  equator  and  the  lack  of  other  near- equatorial 
stations  will  provide  a new  source  of  observations  for  the  study  of  equatorial 


The  vanishing  of  the  Coriolis  force  along  the  equator  gives  rise  to  a 

equatorially  trapped  wave  modes  in  the  atmosphere  and  ocean  (GILL 
1982)^  The  oceanic  Kelvin  waves  play  an  important  role  in  the  dynamics  of  the 
El  Nino.  The  atmospheric  equatorial  waves  that  are  known  to  play  an  important 
role  in  atmospheric  dynamics  include  the  large-scale  eastward  propagating 
Kelvin  waves  and  the  westward  propagating  mixed  Rossby-gravity  waves  Both 
types  of  waves  reside  primarily  in  the  tropical  lower  stratosphere. 

Also  in  the  lower  stratosphere,  but  on  a much  longer  time  scale,  the  QBO 
is  one  of  the  more  pronounced  quasi -periodic  wind  oscillations  in  the  atmos- 
phere. The  QBO  Is  dynamically  linked  to  the  upward  propagating  equatorial 
waves  that  deposit  their  momentum  in  the  lower  stratosphere  (HOLTON  AND 
LINDZEN,  1972).  Using  the  method  of  VINCENT  AND  REID  (1983)  It  should  be 
possible  to  use  a sensitive  wind-profiling  Doppler  radar  to  observe  the  momen- 
tum deposition  in  the  lower  stratosphere. 
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In  addition  to  the  Kelvin  and  mixed  Rossby- gravity  waves,  significant 
tropospheric  wind  oscillations  on  the  intraseasonal  time  scales  have  also  been 
identified.  The  40-60  day  oscillations  identified  by  MADDEN  AND  JULIAN  (1971) 
are  clearly  related  to  a large-scale  modulation  of  tropical  convection 
(WEICKMANN  1983;  LAU  AND  CHAN,  1985)  and  are  accompanied  by  systematic  pat- 
terns of  convergence  and  divergence  in  the  tropical  tropospheric  wind  fields. 


Observations  from  the  trans- Pacific  network  of  tropical  wind  profilers 
when  analyzed  in  conjunction  with  other  types  of  data  should  help  improve  our 
understanding  of  the  interactions  that  take  place  between  tropical  convection 
equatorial  waves  and  large-scale  tropical  circulation  systems.  These  scale 
interactions  together  with  the  air-sea  interactions  that  are  the  subject  of 
TOGA  research  need  to  be  understood  before  further  progress  can  be  made  on 
seasonal  climate  predictions. 


5 . CONCLUDING  REMARKS 

Consideration  of  the  current  base  of  wind  observations  that  are  used  in 
contemporary  operational  global  analyses  and  forecasts  shows  major  deficiencies 
over  the  tropics.  Furthermore,  owing  to  the  diversity  of  tropical  circulation 
systems  ranging  from  the  scale  of  convection  to  the  scale  of  the  Walker  an 
Hadley  circulations,  there  is  a need  to  better  understand  the  scale  interac- 
tions that  take  place  in  the  tropical  atmosphere.  At  the  same  time  it  is 
important  to  press  forward  on  research  aimed  at  a better  understanding  of  the 
coupled  dynamics  of  the  atmosphere  and  ocean. 

A network  of  wind  profilers  spanning  the  tropical  Pacific  can  contribute 
substantially  to  further  progress  in  understanding  the  dynamics  of  the  tropical 
atmosphere.  Additionally,  observations  from  the  wind  profilers  could  be  used 
to  overcome  deficiencies  in  the  global  observation  system.  Furthermore,  long 
continuous  records  of  wind  observations  from  these  stations  should  prove  in- 
valuable in  monitoring  interannual  variations  in  large-scale  atmospheric 
circulation  systems. 

The  wind  profilers  described  here  generally  do  not  observe  below  about  two 
kilometers.  Because  of  the  importance  of  the  tropical  boundary  layer  and  the 
relative  lack  of  observations  that  are  currently  available,  an  intensive  effort 
should  be  made  to  complement  the  large  wind  profilers  with  smaller  lower 
tropospheric  wind  profilers.  A lower  tropospheric  profiler  that  meets  this 
need  has  recently  been  developed  (ECKLUND  et  al . 1988).  This  lower  tropos- 
pheric  wind  profiler  can  be  deployed  in  networks  at  a fraction  of  the  cost  of 
larger  wind  profilers,  suggesting  that  eventually  nested  grids  of  large  and 
small  profilers  may  be  desirable.  We  are  also  working  together  with  colleagues 
at  NCAR  to  develop  an  Integrated  Sounding  System  (ISS)  that  would  combine 
surface  observations  with  upper-level  balloon  soundings  of  wind  and  temperature 
and  continuous  wind  observations  using  the  lower  tropospheric  wind  profiler. 
This  development  should  satisfy  the  need  for  a sounding  system  capable  of 
monitoring  temperature  and  wind  fields. 
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Dynamics  of  the  Equatorial  Middle  Atmosphere  (Overview) 
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Equatorial  dynamics  is  unique  because  the  Coriolis  force  vanishes  at  the  equator  tend- 
ing to  make  atmospheric  waves  non- evanescent  for  all  periods.  With  increasing  latitudes, 
increasingly  shorter  period  waves  tend  to  be  evanescent  reaching  the  minimum  threshold 
as  12  hrs  at  the  pole.  In  the  case  of  tides  positive  modes  are  mainly  enhanced  there  in 
the  equatorial  region. 

As  to  the  excitation  of  these  waves,  the  equatorial  region  is  very  active  thermally 
and  dynamically.  The  atmosphere-ocean  interaction  is  also  very  intense.  In  spite  of  the 
importance  of  the  region,  we  have  been  fairly  ignorant  of  real  situations  of  the  region 
because  of  poor  atmospheric  observation  network  along  the  equator.  Note  that  no  MST 
radar  station  exists  there.  Considering  the  present  circumstance  the  recent  observation 
with  ST  radars  by  NOAA  people  as  discussed  at  this  workshop  must  be  very  significant. 
Specifically,  very  long  vertical  wavelength  of  diurnal  tides  observed  at  Ponape  (Avery  et 
al)  seems  peculiar  and  inconsistent  with  numerical  simulations  as  discussed  by  Aso  at 
the  Workshop.  However,  such  observation  must  be  considered  seriously  in  future.  One 
of  most  interesting  and  important  dynamical  phenomena  would  be  the  presence  of  the 
QBO  which  is  now  believed  to  be  caused  by  the  interaction  of  the  background  zonal  flow 
and  equatoiial  waves  as  Kelvin  Waves  and  Rossby  Gravity  Waves.  Precise  observational 
studies  with  MST  radars  would  be  a very  exciting  problem.  Note  that  recently  the  QBO 
is  found  to  be  very  extended  both  horizontally  and  vertically,  presenting  an  important 
index  of  the  middle  atmosphere  general  circulation. 
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A COMPARISON  OF  NUMERICAL  MODELLINGS  OF  TIDES 
WITH  OBSERVATIONS  IN  THE  LOW  LATITUDE  MIDDLE  ATMOSPHERE 
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Introduction 

Recent  developments  in  atmospheric  radars  have  indicated  the  possibility  of 
illuminating  the  behavior  of  tides  throughout  the  whole  J ha* 

atmosphere.  The  ATMAP  program  during  the  MAP,  coordinated  by  FORBES( 1985) , 
greatly  contributed  to  critical  delineation  of  tidal  structures  by  virtue  of 
the  global  cooperation  between  modellers  and  observationalists . Comparisons  of 
horizontal  structures,  however,  reveal  the  scarcity  of  data  at  equatoria 
latitudes  which,  as  indicated  by  KATO(1986),  constitute  a major  route  of  solar 
energy  to  the  atmosphere.  Here  we  will  compare  some  numerical  modellings 
steady  atmospheric  tides  with  sparse  or  intermittent  observations  at  lower 
latitudes  which  have  so  far  been  obtained  by  ground-based  radar  and 
meteorological  rocket  launchings. 

Numerical  modellings 

Numerical  modellings  are  based  on  the  inviscid  model  in  which  background 
mean  zonal  wind  and  associated  latitudinal  temperature  profile  are  taken  into 
account  (ASO  & KATO,  1984).  Also  referred  to  are  the  by 

classical  theory,  the  EGM  (Equivalent  Gravity  Modes)  formalism  (LINDZEN,  197  ) 
and  the  comprehensive  viscid  model  (FORBES,  L982a,b;  ASO  et  a . , 
equinoxes.  Only  recently  the  inviscid  model  is  applied  to  calculate  short 
vertical  wavelength  diurnal  tide  which  requires  smaller  grid  size  to  mamtai 
numerical  accuracies.  (FORBES  & HAGAN  ,1988;  also  cf.  VIAL,  1986)  Also,  we 
have  modified  our  code  by  expanding  the  latitudinal  structures  in  terms  of 
the  orthogonal  functions  rather  than  discretizing. 


Some  of  the  results 

Fig.  1 shows  a comparison  of  the  calculations  of  the  altitude  profiles  of 
northerly  (left)  and  westerly  wind  component  of  the  semidiurnal  tides  at  5 
for  the  inviscid  model  assuming  the  solstitial  background  wind.  Numerical 
schemes  are  by  the  finite  difference  method  (dashed-dot  curves  ) ,and  the 
function  expansion  method  (solid  curves)  where  the  associated  Legendre 
functions  of  degrees  up  to  16  are  considered.  It  is  seen  that  two  schemes  for 
the  inviscid  calculations  give  consistent  results.  Also  shown  are  the  one 
calculated  by  the  classical  theory  ( dot  curves  ),  and  the  inviscid  one  based 
on  the  modified  forcing  function  (broken  curves)  in  which  thermal  drive  due  to 
radiative  heating  of  water  vapor  falls  off  more  rapidly.  It  is  seen  that  the 
two  forcings  produce  no  drastic  change  to  the  altitude  structure  o ^ e 
semidiurnal  tide,  but  the  background  wind  does  contribute  to  some  alterations 
from  the  classical  theory.  A comparison  with  a GCM  calculation  of  12  layer 
model  up  to  1 mb  level  (TOKIOKA  and  YAGAI , 1987)  also  gives  reasonable 

agreement  for  the  migrating  semidiurnal  component  at  December  solstice. 


ALTITUDE  CKM) 


WESTERLY  AMPLITUDE  (M/S) 


Fig.l  Inviscid  model  calculations  of  the  northerly (left)  and 
westerly  wind  component  of  the  semidiurnal  tide  for  various 
models.  See  text  for  details. 
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Fig.  2 shows  a comparison  with  the  Jicamarca  radar  observations  of  the 
semidiurnal  northerly  and  westerly  wind  component  in  October  to  December  in 
the  lower  stratosphere  ( FUKAO  et  al,  1981a,  1981b).  Calculations  are 
inviscid  model  for  December  solstice  ( solid  and  dashed-dot  curves  as  in  Fig. 
1),  modified  forcing  ( dot  curves  ),  classical  theory  (dashed-double-dot 
curves)  and  the  one  by  LINDZEN  and  HONG(1974)  (broken  curves).  It  is  seen  that 
the  observed  amplitude  is  larger  than  the  numerical  modellings.  The  phase 
profiles  in  the  October  and  December  runs  remain  comparatively  constant, 
consistent  with  the  migrating  tidal  theory,  but  the  phase  reversal  associated 
with  node  at  around  30  km  is  not  clearly  detected.  While,  November  run 
(squares)  shows  rapid  phase  change  corresponding  to  short  vertical  wavelength 
of  about  10  km.  This  suggests,  as  is  mentioned  by  the  author,  the  existence 
of  irregular  component  as  the  non-migrating  tide  or  the  contamination  by  other 
wave  modes,  which  may  sometimes  jeopardize  quantitative  interpretation  of 
these  snap-shot  observations  within  the  framework  of  migrating  tidal  theory. 

For  the  mesospheric  region,  comparisons  are  made  in  Fig.  3 for  the 
Jicamarca  observations  by  our  run  in  1981  (MAEKAWA  et  al,  1986)  and  by 
COUNTRYMAN  and  DOLAS  (1982).  The  calculations  are  the  inviscid  and  classical 
modellings  as  in  Fig.  2,  together  with  the  viscid  one  by  FORBES  (1982b)  (open 
circle).  The  amplitude  of  the  zonal  wind  component  of  the  semidiurnal  tide 
agrees  with  modellings.  The  observed  phase  values  are  almost  consistent  with 
each  other  below  80  km;  inferred  vertical  wavelength  is  slightly  short 
compared  with  theoretical  predictions  though  the  phase  value  is  in  proximity 
to  observations  at  lower  altitudes. 

For  the  diurnal  tide,  inviscid  model  calculation  by  the  function 
expansion  method  still  loses  some  accuracy  due  to  its  small-scale  vertical 
structures  compared  with  the  semidiurnal  component.  Tentatively,  we  compare 
the  observations  at  Jicamarca  in  October  to  December  ( FUKAO  et  al,  1981b, 
MAEKAWA  et  al,  1986  ) with  December  solstice  calculations  in  Fig.  4.  In  the 
figure,  solid  curves  refer  to  the  inviscid  model  with  maximum  degree  of  40  for 
the  orthogonal  function,  and  dashed-dot  curves  to  the  classical  calculation. 
It  is  noted  that  the  observations  are  roughly  compatible  with  theory  with  some 
irregular  excursions  in  phase.  Early  winter  observations  of  the  zonal  wind 
component  in  May  ( shown  by  + in  the  same  plot  for  comparison)  show  rather 
large  amplitude  and  short  vertical  wavelength  of  about  10  km,  which  is 
consistent  with  the  predominance  of  non-migrating  tides,  and  is  not 
reproducible  by  the  migrating  mode  calculation. 

Rocket  observations  at  tropical  region  summarized  by  GROVES  (1980)  are 
compared  with  the  numerical  calculations.  Most  of  the  data  are  on  a short- 
term basis.  It  is  seen  that  the  basic  structures  of  amplitude  and  phase 
roughly  correspond  to  calculations,  but  the  irregular  features  such  as  is  not 
compatible  with  geographic  conjugacy  across  the  equator,  are  at  times 
superposed  upon  it.  Averaged  structures  of  the  rocket  observations  of  the 
diurnal  northerly  wind  component  at  Ascension  Island  as  given  by  REED  et  al 
(1969)  is  compared  in  Fig.  5 with  various  modellings  between  30  and  60  km 
region  at  equinoctial  low  latitudes.  The  calculations  include  the  viscid 
calculations  for  the  equinoctial  mean  wind  regimes  (solid  curves)  (ASO  et  al., 
1987),  EGM  formalism  invoking  ( 1 , l)+( 1 > 3)+( 1 ,-2)  modes  (dashed-double-dot 
curves),  the  classical  calculation  ( broken  curves  ) and  FORBES's  calculation 
(FORBES,  1982a)  (solid  triangle).  Though  the  observed  phase  becomes  erratic 
at  around  40  km  where  amplitude  reaches  minimum,  reasonable  agreement  is 
evident  for  both  amplitude  and  phase  profiles  on  an  averaged  sense. 
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Fig. 2 A comparison  of  the  semidiurnal  tide  for  the  Jicamarca 
lower  stratospheric  observations  by  FUKAO  et  al.  (1981a, b) 
with  numerical  modellings.  See  text  for  details. 
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Fig. 3 A comparison  of  the  semidiurnal  tide  for  the  Jicamarca 
mesospheric  observations  by  MAEKAWA  et  al.  (1986)  and 
COUNTRYMAN  and  D0LAS  (1982)  with  numerical  modellings.  See 
text  for  details. 
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Recently  TSUDA  and  KATO  (1988)  calculated  the  diurnal  non-migrating  tide 
generated  solely  by  assuming  localized  heat  source  due  to  land  sea 
differences.  Their  results  suggest  amplitude  of  2 to  3 m/sec  near  20  km  and 
vertical  wavelength  as  short  as  2 to  5 km.  Rocket  data  at  tropical  latitudes 
averaged  over  several  days  , by  and  large,  indicate  slightly  more  moderate 
phase  progression  and  also  energy  flow  from  above,  thus  the  modelling  based  on 
the  combination  of  steady  migrating  tide  and  the  non-migrating  tide  as  carried 
out  by  Forbes  and  Groves  (1987)  will  properly  delineate  tidal  observations 
especially  at  equatorial  lower  altitudes. 

Cone lusions 

Brief  comparison  of  low  latitude  tidal  observations  at  lower  altitudes 
with  numerical  modelling  of  tides  reveals  that  the  steady  tidal  theory 
basically  or  on  an  averaged  sense  agrees  with  observations,  and  considerations 
on  the  irregularity  due  to  non-migrating  tide  and  other  non-tidal  components 
might  resolve  some  of  the  discrepancy  and  variabilities. 

At  higher  altitudes,  tides  are  more  properly  delineated  by  existing  tidal 
theory,  and  further  sophistication  with  respect  to  forcings,  mean  wind, 
dissipation  and  interaction  processes  warrants  more  adequate  delineation  of 
tidal  variability. 


References 


Aso,  T.  and  S.  Kato  (1984),  Linearized  steady  calculations  of 
semidiurnal,  tides  in  the  middle  atmosphere,  Dyn.  Middle  Atmosphere,  173- 
180.  c 

Aso,  T. , S.  Ito,  and  S.  Kato  (1987),  Background  wind  effect  on  the  diurnal 
tide  in  the  middle  atmosphere,  Geomag . Geoelectr . , 39,  297-303. 

Countryman,  I.  D.  , and  P.  M.  Dolas  (1982),  Observations  on  tides  in  the 
equatorial  mesosphere,  Geophys . Res . , 87(C2),  1336-1342. 

Forbes,  J.  M.  (1982a),  Atmospheric  tides  1.  Model  description  and  results  for 
the  solar  diurnal  component,  J.  Geophys.  Res.,  87(A7),  5222-5240. 

Forbes,  J.  M.  (1982b),  Atmospheric  tides  2.  The  solar  and  lunar  semidiurnal 
components,  J.  Geophys.  Res.,  87(A7),  5241-5252. 

Forbes,  J.  M.  (1985),  Atmospheric  tides  middle  atmosphere  (ATMAP) : Report  of 
the  November/December  1981,  and  May  1982,  observational  campaigns. 
Handbook  for  MAP,  17,  36-43;  also  Atmospheric  tides  below  80  km,  16,  157- 
163. 

Forbes,  J.  M.  and  G.  V.  Groves  (1987),  Diurnal  propagating  tides  in  the  low- 
latitude  middle  atmosphere,  Atmos . Terr . Phys . , 49(2),  153-164. 

Forbes,  J.  M.  and  M.  E.  Hagan  (1988),  Diurnal  propagating  tide  in  the  presence 
oi  mean  winds  and  dissipation:  a numerical  investigation.  Planet  Space 

Sci. , 36(6),  579-590.  * 

Fukao,  S.,  Y.  Maekawa,  and  S.  Kato  (1981a),  A semidiurnal  wind  oscillation 
with  short  vertical  wavelength  observed  in  the  tropical  lower 

stratosphere,  Geomag . Geoelectr. , 33,  421-427. 

Fukao,  S.,  K.  Aoki,  K.  Wakasugi,  T.Tsuda,  S.  Kato  , and  D.  A. 

leisch  (1981b),  Some  further  results  on  the  lower  stratospheric  winds 
and  waves  over  Jicamarca,  J.  Atmos.  Terr.  Phys.,  43(7),  649-661. 

Groves,  G V.  (1980),  Seasonal  and  diurnal  variations  of  middle  atmosphere 
winds,  Phil,  Trans.  R^  Soc.  Lond. , A296,  19-40. 

Kato,  S.  (1986),  EMA  (Equatorial  middle  atmosphere).  Handbook  for  MAP,  23  73. 

Lindzen,  R.S.  (1970),  Internal  gravity  waves  in  atmospheres~with  realistic 


63 


dissipation  and  temperature  part  I.  Mathematical  development  and 
propagation  of  waves  into  the  thermosphere,  Geophys^  Fluid  Dyn^,  1,  303 
333 

Lindzen,’  R.  S.,  and  S.  -S.  Hong  (197A),  Effects  of  mean  winds  and  horizontal 
temperature  gradients  on  solar  and  lunar  semidiurnal  tides  in  t 
atmosphere,  J.  Atmos.  Set.,  31,  1421-1446. 

Maekawa,  Y.,  T.  Aso,  J.  Rottger,  P.  Czechowsky,  R.  Ruster,  G.  Schmidt,  I. 
Hirota,  R.  F.  Woodman,  and  S . Kato  ( 1986) , A cooperative  synchronous 
observation  of  winds  and  tides  in  the  tropical  lower  stratosphere  and 
mesosphere  using  VHF  radars  at  Jicamarca  and  Aecibo,  Jj.  GeomaSv 

Geoelectr.,  38,  81-97.  . r A 

Reed  R.  J.,  M.  J.  Oard,  and  M.  Sieminski  (1969),  A comparison  of  observed  and 

’theoretical  diurnal  tidal  motions  between  30  and  60  kilometers,  Monj_  Wea^ 

Rev.,  97(6),  456-459.  4 . . , , 

TokioklT  T.  and  I.  Yagai(1987),  Atmospheric  tides  appearing  in  a global 

atmospheric  general  circulation  model,  -K  Meteor^  Soc^  Japan,  65,4  3 
Tsuda  T.  and  S.  Kato  (1988),  Diurnal  non-migrating  tides  excited  by  a 
differential  heating  due  to  land-sea  distribution.  Submitted  to  X;. 

Meteor.  Soc.  Japan.  „ , . 

Vial,  FT  (1986),  Numerical  simulations  of  atmospheric  tides  for  solstice 


conditions,  J.  Geophys.  Res.,  91(A8),  8955-8969. 


64 


OBSERVATIONS  OF  EQUATORIAL  MESOSPHERIC  MEAN  WINDS  AND  TIDES 
S.K.  Avery,  R.L.  Obert,  and  J.P.  Avery 
University  of  Colorado,  Boulder,  CO,  USA 

A meteor  echo  and  detection  system  has  been  designed  for  use  on  many  VHF  radars  This 
system  operates  in  parallel  with  the  normal  operation  of  ST/MST  radars  except  for  the  lengthen- 
ing of  the  interpulse  period  to  avoid  range  aliasing  in  the  80-100  km  height  range.  The  prototype 
system  is  described  in  WANG  (1988)  and  has  been  modified  to  incorporate  a more  robust  detec- 
tion algorithm  using  discrete  Fourier  transforms.  The  system  has  been  field  tested  on  the  ST 
radar  at  Platteville,  Colorado  and  performance  tested  on  the  Poker  Flat,  Alaska  MST  radar.  We 
have  packaged  the  system  for  use  in  remote  areas  and  have  installed  it  on  the  NOAA  ST  radar 
ocated  at  Christmas  Island  (2°  N,  158°  W).  In  this  presentation  I will  describe  the  mean  winds 
and  tides  during  August  and  September  1988  that  were  observed  using  this  system. 

The  average  meteor  echo  rate  on  the  east  antenna  beam  as  a function  of  height  for  August- 
September  is  shown  in  Figure  1 (top).  The  height  profile  is  typical  of  what  we  expect  from  a 
VHF  radar.  The  echo  rates  are  small  compared  with  a regular  meteor  radar  system  because  of  the 
narrow  antenna  beam  width  used  with  ST  radars.  An  anomalous  echo  was  observed  during 
August  8-11.  As  seen  in  Figure  1 (bottom)  this  echo  occurred  between  92-96  km  and  is  either  an 
echo  from  the  electrojet,  or  from  clear-air  turbulence,  or  possibly  from  space  debris.  The  average 
diurnal  echo  rate  on  the  east  antenna  beam  for  this  same  period  is  shown  in  Figure  2 (top).  Peak 
echo  rates  occur  during  the  morning  hours.  The  day/night  ratio  is  approximately  31  The 
anomalous  echoes  occurred  between  1600-1900  local  time  (Figure  2,  bottom). 

The  monthly  mean  winds  for  August  and  September  are  shown  in  Figure  3 In  general  the 
winds  are  westward  with  peak  magnitudes  of  12  mj"1.  The  wind  crosses  over  to  an  eastward 
direction  at  approximately  96  km.  The  meridional  profile  generally  shows  southward  winds  at 
lower  heights  with  northward  above  96  km.  The  weekly  averages  (not  shown)  indicate 
significant  long  penod  wave  activity. 

__  .AThc_?iu?lal  dde  he'8ht  Profile  for  August  is  shown  in  Figure  4.  Average  amplitudes  are 
20-40  ms  which  are  considerablylarger  than  what  models  suggest.  Long  vertical  wavelength 
modes  are  apparent  in  the  meridonal  component  The  zonal  component  shows  evidence  of  a mix- 
ture of  higher  order  modes. 

The  semidiurnal  tide  is  weaker  than  the  diurnal  tide  (Figure  5.)  Amplitudes  are  approxi- 
mately 10  ms-  Dunng  August  there  was  a peak  in  the  amplitude  of  30  ms-'  confined  to  a fairiv 
narrow  (3  km)  layer  at  a height  of  91  km.  The  observed  phase  indicates  a propagating  wave  with 
a vertical  wavelength  of  48  km.  The  dashed  lines  in  this  figure  represent  the  results  from  a new 
model  which  simulates  monthly  semidiurnal  tidal  structure  VIAL  & FORBES,  (1988). 

The  model  amplitudes  are  weaker  than  what  is  observed.  There  is  excellent  agreement  in 
the  meridional  component  between  the  model  and  observations.  The  model  zonal  component 
modeS  m evaneScent  mode  structure  whereas  the  observed  structure  represents  a propagating 

The  Christmas  Island  MEDAC  system  is  providing  us  with  the  first  long-term  measure- 
ments of  equatorial  mesospheric  winds.  We  plan  to  do  a thorough  analysis  of  the  long  period 

tTrxr^anf'Iity  °f  1,16  winds-  We  wiU  4150 1x5  comparing  our  results  with  those  obtained  with 
a 2.6  MHZ  radar  which  will  be  installed  by  R.  Vincent  in  the  near  future. 

REFERENCES 

Wang,  S.T.,  D.  Tetenbaum,  B.B.  Balsley,  R.L.  Obert,  S.K.  Avery,  and  J.P.  Avery,  A meteor 
echo  detection  and  collection  system  for  use  on  VHF  radars.  Radio  Science,  23, 46-54,  1988. 

Vial,  F.  and  J.  Forbes,  Private  communication,  1988. 


65 


CHRISTMAS  ISLAND  (1988) 
DAYS  221-274 

Z0NRL  ECH0ES/H0UR  VS.  HEIGHT 


CHRISTMAS  ISLAND  (1988) 
DAYS  221-224 


Figure  1.  (top)  Average  meteor  echo  rate  as 
a function  of  height  for  August-September. 
(bottom)  Echo  rate  profile  during  period 
when  anomalous  echoes  were  observed, 
August  8-11,  1988. 


CHRISTMAS  ISLAND  (1988) 
CAYS  221-274 


TIME  0F  DRY 


CHRISTMAS  ISLAND  (1988) 
DAYS  221-224 

7 ANAL  ECH0ES/H0UR  VS.  TIME  0F  DRY 


Figure  2.  (top)  Average  diurnal  echo  rate 
for  August-September,  1988.  (bottom) 
Diurnal  echo  rate  during  period  of 
anomalous  echoes. 
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Figure  3.  Mean  winds  for  the  months  of 
August  (top)  and  September  (bottom). 
Positive  values  coirespond  to  eastward 
and  northward  winds. 
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Figure  4.  Diurnal  tide  height  profile 
(amplitude  and  phase)  for  August 
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Figure  5.  Semidiurnal  tide  height  profile  (amplitude  and  phase)  for  August. 
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THE  INTERPRETATION  OF  MST  RADAR  ECHOES- 
THE  PRESENT  KNOWLEDGE  OF  THE  SCATTERING/REFLECTION  AND  THE 
IRREGULARITY  GENERATION  MECHANISMS 
(Keynote  Paper  Session  3) 


Jurgen  Rottger* 

EISCAT  Scientific  Association 
P.O.Box  812 

s-981  28  Klruna,  Sweden 

(♦  on  leave  from  Max-Planck-Instltut  fur  Aeronomie) 


INTRODUCTION 


J!2\Sn  no  uni^ed  °p1ni°"  noticeable  yet  which  mechanism  may  be  the  most 
thl  tron  t0hcause  ^he  ephoes  of  MST  radars  from  the  mesosphere,  stratosphere  and 
the  troposphere.  We  only  could  distinguish  so  far  between  the  malor  orocess  of 

hum1d1tvnaidef,?Ctt0n  fH°"’  refract1ve  1ndex  Irregularities  due  to  temperature, 
humidity  and  e ectron  density  fluctuations  on  the  one  side  and  the  other  two 

processes,  namely  scatter  from  hydro-meteors  In  the  troposphere  as  well  as 

v^r^d^r  ec^«erThr0,n  ire®  e’ef rons  in  the  "wsosphere,  which  cause  the  obser- 
ved radar  echoes.  The  major  echoing  process  can  be  described  by  several  mecha- 
nisms as  is  delineated  in  the  following  Table  1. 


Table  1 
QJLLL1  tub 

SCAT  TEH/REFLECT  10H  HECHAMISIIS 
6J HST  RADAR  Signals 


(conceptual  synopsis) 
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<b)  corrugated  (rough) 

69 


In  order  to  explain  the  relevant  MST  radar  observations,  two  different  basic 
echoinq  mechanisms  are  required,  namely  scattering  and  reflection.  ™®s®’ 
ever  have  to  be  adapted  into  quite  diverse  deviations  from  these  two  Idealistic 
cases.  For  monostatic  radars,  backscatter  and  reflection  arises  from  the  compo- 
nent of  the  spatial  spectrum  of  the  variation  of  the  refractive  index  n,  whos 
spatial  scale  along  the  axis  of  the  radar  beam  Is  half  the  radar  wavelength, 
l.e.  a few  meters  for  low  VHF  and  less  than  a meter  at  UHF.  This  process  has 
been  called  Bragg  or  turbulence  scatter  if  a radar  volume  Is  homogeneously 
filled  with  randomly  distributed  and  fluctuating  Irregularities;  whereas  It  Is 
called  (partial)  reflection  if  an  inhomogeneity  in  form  of  stable  discontinui 
ties  or  steps  of  the  refractive  index  exists.  The  latter  case  most  likely  occurs 
at  longer  radar  wavelengths.  We  know  that  these  two  idealized  cases  rarely  occur 
but  have  to  be  replaced  by  more  realistic  models. 

Since  it  is  well  documented  from  the  aspect  sensitivity  and  persistency  of 
radar  echoes  that  partial  reflections  from  steep  vertical  gradients  of  the 
refractive  index  (discontinuities)  are  observed  by  vertically  beaming  radars 
operating  around  50  MHz,  we  have  to  extend  the  radar  equation  tor  this  co  d 
tlon  When  applying  this  combined  radar  equation,  essential  assumptions  fo 
meaningful  interpretation  have  to  be  fulfilled  which  frequently  are  found  not  to 
be  realistic.  For  the  applicability  for  the  scattered  part  of  the  signal, 
scattering  volume  has  to  be  homogeneously  filled  with  irregularities,  otherwise 
a filling  factor  has  to  be  Introduced.  The  scattering  process  has  to  be  isotro- 
pic; otherwise  the  scattered  power  would  depend  on  the  look  angle  °f  ^®  ®" 
tenna.  One  also  has  to  consider  that  the  amplitude  reflection 

be  uniquely  determined,  since  it  strongly  depends  on  the  shape  of  ^®  re^tive 
index  profile  within  a distance  of  less  than  one  radar  wavelength  (namely  the 
spatial  Fourier  transform  of  the  profile,  evaluated  at  half  the  ra^  "ave 
length).  It  is  also  frequently  observed  that  there  is  more  than  °"®  P®^®!  y 
reflecting  discontinuity  in  the  radar  volume,  and  then  the  reflection  coefti 
cient  is  an  even  more  uncertain  parameter. 

BRAGG  SCATTER,  FRESNEL  SCATTER,  AND  FRESNEL  REFLECTION 

It  is  not  readily  possible  to  discriminate  between  the  different  basic  proces- 
ses of  scattering  and  partial  reflection  without  investigating  part 
res  of  the  radar  echoes,  such  as  their  aspect  sensitivity,  temporal  and  spatial 
coherency  and  their  spectral  shape.  In  general  It  has  become 

MST  radar  community  to  apply  a nomenclature  which  is  basing  on  the  prlncipa 

schematics  of  the  different  refractive  index  formations  shown  ’"ntli'melfKids  to 
exist  many  papers  dealing  with  the  theory  as  wel 1 as  exper  menta  i "®^hods  to 
Investigate  the  scattering  and  reflection  mechanisms  and  we  will  on  y delineate 
the  basic  characteristics  (see  list  of  references  at  the  end  of  th1s  P®P®^ 
details),  we  have  to  note  here  that  the  appl icabl 1 ity  of  these  mechanisms  to 
explain  echoes  from  the  atmosphere  depend  on  the  wavelength  of  the  used  rad®^- 
The  reason  is  that  the  refractive  index  variations,  which  cause  the  echoes,  have 
no  unified  characteristics  at  the  different  spatial  scales  corresponding  to  the 
radar  wavelengths  and  Fresnel  zones. 

The  principle  scattering  mechanism  Is  frequently  called  Bragg  ®c®^ 
term  turbulence  scatter  is  also  used,  or  more  recently  also  the  term  Pekerls 
scatter"  (Gossard,  personal  communication  1988).  The  Bragg  scatter talent  1r- 
tropic,  i.e.  without  causing  a radar  aspect  sensitivity,  if  the  turbulentlr 
regularities  of  refractive  index  are  homogeneously  random  and  statistically 
similar  in  all  directions.  Bragg  scatter  can  be  anisotropic,  causing  an  aspec 
sensitivity  if  the  statistical  properties  of  the  irregularities,  namely  the 
correlation  distances,  are  dependent  on  direction  Although  the  ®"9U^ 
tial ) dependence  of  the  radar  echoes,  i.e.  the  aspect  sensitivity,  tor  these  two 
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REFRACTIVE  INDEX  VARIATION  An 


Fig.  i.  Schematic  depiction  of  the  spatial  variations  6n  of  the  refractive 
Index  n In  the  vertical  direction  z (from  ROttger  and  Larsen,  1989).  Depending 
on  the  structure  of  n within  the  range  gate  6z,  the  different  processes  of 
Bragg  scatter,  Fresnel  scatter  and  Fresnel  reflection  can  occur.  The  abscissa 
n could  also  resemble  the  horizontal  direction  x,  namely  Indicating  schemati- 
cally the  relative  horizontal  extent  of  surfaces  of  constant  refractive  Index 
variations  (or  their  horizontal  correlation  distance)  for  the  different  pro- 
cesses. Note  that  Bragg  scatter  occurs  at  every  range  where  the  variation  of  n 
Is  similar  to  that  In  the  Indicated  range  6z.  Thermal  electron  density  fluctu- 
ations, which  cause  Incoherent  (Thomson)  scatter  from  the  mesosphere,  are  much 
weaker  than  the  Indicated  variations  of  n,  whereas  the  scatter  cross  sections 
of  precipitation  Is  usually  larger  than  the  Indicated  changes  of  n. 


processes  isotropic  and  anisotropic  Bragg  scatter  - is  different  the  temooral 
atlinat1l0ns  °t  the  radar  echoes  should  be  similar  because  of  the  randomly  fluctu- 
s?!n  shaje9  ThB  °°PPler  Sp6ctrum  shou,d  «PP rox 1 mate ly  reveal  a Gaus- 


Eie|nei_scat£er  occurs  if,  Instead  of  a random  ensemble  of  irregularities 
ranL  aat!*  ThfraCl1V®  1?dex  d1sc°ntinu1t1es  in  vertical  direction  exist  in  the 

cal  buJ  hISeS6a  la0"  Ultiei  st111  random,V  distributed  in  the  vertl- 
rM«r  h!  ? ] 90  corre1at1on  distance  in  the  horizontal  direction  The 

radar  echo  characteristics  resemble  a distinct  aspect  sensitivity  but  because 

sJlc'  lStZ  "taSmllE  lTltSUCal}l  1nd0p0nd0nt’  the  tempor^^cho^acSr! 

distribution  S thl  ^ t^se°t  Bra"  scatter.  Because  of  the  statistical 
smoothly  vary  with  £unude  ’ aV®ra9e  P°W0r  pr°f1)e  shou1d  fa1rl* 
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Fresnel  reflection  Is  observed  If  a single,  dominating  discontinuity  of  the 
refractive  index  exists  in  vertical  direction,  which  has  a large  horizontal 
extent,  similar  to  the  ensemble  of  discontinuities  for  the  case  of  Fresnel 
scattering.  A very  distinct  aspect  sensitivity  should  be  observed.  High  resolu- 
tion vertical  power  profiles  or  height-time  Intensity  plots  should  reveal  out- 
standing spikes,  or  thin  and  persistent  structures,  respectively.  Also  the 
temporal  characteristics  should  indicate  long  coherence  times.  This  kind  of 
process  is  also  called  "partial  reflection',  because  only  a very  small  fraction 
of  the  incident  power  Is  reflected.  Fresnel  reflection  Is  also  called  specular 
reflection"  by  some  authors  If  the  horizontal  surface  of  the  discontinuity  is 
assumed  to  be  very  smooth,  and  It  is  called  "diffuse  reflection"  If  the  discon- 
tinuity is  assumed  to  be  corrugated  or  somewhat  rough.  The  case  of  anisotropic 
scatter  has  been  considered,  too,  and  appears  to  offer  another  realistic  pos- 
sibility to  explain  the  scattering  mechanism. 

Fresnel  scatter  and  reflection  occur  more  likely  on  longer  radar  wavelengths, 
l.e.  in  the  low  VHF  band.  The  terms  Fresnel  scatter  and  Fresnel  reflection  have 
been  Introduced  due  to  the  condition  that  the  horizontal  correlation  distance  of 
the  discontinuities  Is  in  the  order  of  the  Fresnel  zone  (z-fl)1'*.  For  correla 
tion  distances  smaller  than  a fraction  of  the  Fresnel  zone,  Bragg  scatter  has  to 
be  considered.  The  Fresnel  zones  of  radars  In  the  UHF  and  VHF  band  are  usually 
smaller  than  the  region  in  the  troposphere  and  stratosphere,  which  is  illuml 
nated  by  the  radar  beam.  Thus,  the  beam  width  limiting  effect  has  not  to  be 
considered.  It  is  perceived  that  the  definition  of  Fresnel  scatter  and  Fresnel 
reflection  depends  on  the  range  gate  width,  l.e.,  it  is  more  likely  to  observe 
Fresnel  scatter  with  coarse  height  resolution,  and  to  observe  Fresnel  reflection 
with  good  height  resolution.  The  discontinuities  must  be  in  the  order  of  a radar 
wavelength,  or  less  in  vertical  direction,  but  widely  extended  in  horizontal 
direction,  which,  because  of  diffusion  reasons,  is  more  likely  to  happen  at 
larger  vertical  scales.  The  nomenclature  of  thin  "sheets"  or  "laminae  to  de- 
scribe the  50  MHz  observations  was  taken  from  oceanography  where  a similar  fine 
structure  is  observed.  The  reason  for  the  coexistence  of  refractive  index  turbu 
lence  and  discrete  discontinuities  (sheets)  could  be  for  Instance  due  to  the 
gradients  developing  at  boundaries  of  turbulence  layers,  or  some  other  yet 
unproved  mechanisms.  Simulations  and  computations,  compared  with  distribution 
functions  of  radar  echoes  on  50  MHz,  demonstrate  that  signals  do  occur  from 
certain  altitudes  which  are  consistent  with  the  model  of  reflection  from  a 
single,  diffuse  sheet,  causing  focussing  and  defocussing. 

Although  a fine  structure  of  radar  echo  power  Is  also  observed  on  430  MHz  on 
440  MHz  and  on  2380  MHz,  it  is  not  obvious  that  the  fine  structure  observed  on 
50  MHz  with  vertical  beam,  is  of  similar  origin  or  nature.  It  is  likely  that 
radars  in  the  UHF  band  will  detect  Bragg  scatter  only,  whereas  radars  in  the  VHF 
band  will  usually  detect  a combination  of  the  different  processes,  particularly 
when  using  a vertical  beam.  There  are  apparently  weak  Gausslan-shaped  background 
spectra  observed  on  which  narrow  spikes  are  superimposed.  The  Gaussian  parts  of 
the  spectra  are  supposed  to  be  partly  due  to  Bragg  scatter  from  a background  o 
turbulence,  and  partly  due  to  scatter  from  off-vertical  irregularities  carried 
by  the  wind  (beam  width  broadening).  The  superimposed  spikes  in  discrete  fre 
quency  bins  are  either  due  to  Fresnel  scatter,  or  more  likely  due  to  Fresnel  or 
diffuse  reflection  from  a rough  surface,  l.e.  several  discrete  regions  of  high 
reflection  coefficient  which  move  with  different  velocities.  It  is  noted  that 
the  spectra  of  50  MHz  radars  are  not  particularly  governed  by  the  spikes  if  the 
antenna  is  pointed  far  enough  off-zenith  ( > 10°-15°),  such  that  the  (Isotropic) 
Bragg  scatter  component  dominates.  It  is  also  noted  from  spectra,  as  well  as 
from  the  aspect  sensitivity,  that  Fresnel  scatter  and  particularly  Fresnel 
reflection  yield  generally  a larger  echo  power  than  Bragg  scatter  from  turbu- 
lence. 
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CONSEQUENCES  OF  THE  SCATTERING/ REFLECT ION  PROCESSES 

With  near  vertical  beam  of  50  MHz  radars  the  observed  echoes  are  usually  a 
combination  of  the  summarized  scattering/reflection  processes,  although  one 
mechanism  may  dominate  at  any  given  time,  and  the  relative  contributions  of 
humidity  and  temperature  also  vary.  These  effects  have  consequences  for  (a)  the 
interpretation  of  the  MST  radar  echoes,  (b)  the  analysis  methods  and  data  acqui- 
sition procedures,  as  well  as  (c)  the  technical  design  of  the  radar  hardware, 
and  (d)  the  choice  of  operating  methods.  The  essential  considerations,  particu- 
larly holding  for  radars  operating  on  VHF,  are  suwnarlzed  here: 

(1)  The  deduction  of  the  turbulence  refractive  Index  structure  constant  Cn2  from 
signal  power  or  velocity  fluctuations  Is  difficult.  The  determination  of  the 
reflection  coefficient  Is  possible,  In  principle,  but  It  does  not  allow  the 
shape  of  the  reflecting  laminae  to  be  deduced.  It  Is  not  yet  conceivable  how  to 
make  a clear  distinction  between  the  contributions  of  humidity  and  temperature 
variations  to  the  scattering/ ref lection  process  In  the  lower  and  middle  tropo- 
sphere. The  estimate  of  velocity  fluctuations,  i.e.  the  turbulence  energy  dissi- 
pation rate  e from  Cn2,  is  not  accurately  possible.  The  discrimination  between 
Fresnel  reflection,  Fresnel  scatter,  anisotropic  and  isotropic  Bragg  scatter  is 
not  unambiguous.  These  processes  can  even  be  regarded  as  Interrelated. 

(2)  Non-volume  filling  scatter  and  reflection  from  several  laminae  have  an 
influence  on  the  accuracy  of  velocity  determinations.  The  often  simultaneously 
occurring  scattered  and  reflected  signal  components  need  to  be  separated  and 
treated  by  different  analysis  procedures.  The  effective  beam  angle  is  changed 
due  to  anisotropic  scatter  and  reflection. 

(3)  If  off-vertical  beams  are  used,  antenna  sldelobes  close  to  the  zenith  direc- 
tion have  to  be  sufficiently  suppressed  to  reduce  unwanted  signals  of  reflected 
components.  Otherwise  signal  power  and  velocity  estimates  will  be  inaccurate. 

(4)  It  is  noted  that,  In  addition  to  the  evident  aspect  sensitivity  and  a larger 
persistency,  the  echoes  due  to  Fresnel  scatter  and  Fresnel  reflection  are  fre- 
quently much  stronger  than  the  echoes  due  to  Bragg  scatter.  This  enhances  the 
radar  sensitivity  and  allows  50  MHz  radars  to  detect  echoes  from  larger  altitu- 
des with  vertical  beam  than  with  off-vertical  beam. 

(5)  The  so-called  Doppler  method  is  more  convenient  and  applicable  for  measuring 
wind  profiles  when  scattering  processes  are  dominant  (I.e.  at  large  off— vertical 
beams  at  VHF,  or  at  UHF  generally).  The  spaced  antenna  method,  using  vertical 
beams,  may  be  more  efficient  for  measuring  wind  profiles  when  Fresnel  scatter  or 
reflection  processes  are  dominant,  i.e.  at  VHF.  The  Doppler  method  has  been 
applied  most  frequently,  but  the  spaced  antenna  method  has  further  advantages, 
as  will  be  explained  in  the  following  chapter. 

On-going  work  on  the  subjects  summarized  under  Items  1-4  will  likely  shed  more 
light  on  the  processes,  resolve  remaining  ambiguities  and  lead  to  a generalized 
procedure  for  deducing  atmospheric  parameters  with  an  optimum  accuracy  and 
reliability.  The  difference  of  these  mechanisms  could  be  resolved  by  some  mea- 
surement techniques  which  allow  to  partly  discriminate  between  these  mechanisms. 

THE  USE  OF  NEW  TECHNIQUES 

MST  radars  are  usually  operated  in  the  Doppler  mode,  where  several  antenna 
beam  directions  are  used  to  deduce  the  three-dimensional  wind  velocities  from 
the  Doppler  spectrum.  Occasionally  also  the  so-called  spaced  antenna  mode  is 
applied  to  deduce  the  wind  velocity  from  the  cross  correlation  analysis  of  sig- 


73 


Fig.  2.  The  scheme  of  measurement  and  analysis  techniques 
of  the  spaced  antenna  configuration  of  an  MST  radar. 


nals  received  at  separate  antennas.  Both  these  methods  of  course  allow  the 
measurement  of  some  additional  parameters,  such  as  the  signal  power,  J^e 
rence  time,  the  angular  dependence  or  the  spatial  *o  Jtudv  the 

amplitude  distribution  functions.  These  are  useful  parameters  to  study  the 
scattering/ ref lection  mechanism.  Neither  the  Doppler  nor  the  spaced  antenna 
method  need  the  measurement  of  the  spatial  distribution  of  the  signal  phases  on 
the  ground,  in  this  paper  we  will  point  out  some  advantages  of  amplitude  and 
phase  measurements  with  a spaced  antenna  set-up  and  prove  the  applicability  of 
this  radar  interferometer  method  to  deduce  additional  signal  parameters,  whic 
the  conventional  Doppler  and  spaced  antenna  methods  cannot  supply. 


74 


!n?!  5°  th?n  ^®™  frequency  doma1n  Interferometry,  the  method  using 

1ntlrf!r^?r  tJS  ed  th®  spat1al  domain  Interferometry  or  simply  spatial 
ution  H?®,  ^equency  doma1n  interferometry  allows  to  Improve  the  reso- 

lution in  the  radial  (l.e,  range)  direction,  whereas  the  spatial  domain  Inter- 
diction Tproves  bb®  "solution  In  the  direction  perpendicular  to  the  beam 
JItrl  thl  ’ T V hor1zontal>-  The  letter  method  allows  for  Instance  to 

th  an9iJ]ar  sp®ctrum  (l.e.,  the  aspect  sensitivity) , the  Incidence 
angle,  the  corrected  vertical  and  horizontal  velocity  as  well  as  to  determine 

h?ohf°noa\Pte  veloc.1ties  of  atmospheric  gravity  waves  and  to  track  turbulence 
£Iv«'»n? st:beamTsteer  "9  a"d  th«  cross  spectra  analysis  can  be  applied  to  study 
ori^n»?d  JhlSU  fnCe  10  thB  stratosphere  and  the  mesosphere,  respectively.  The 
onglna  method  of  cross  spectrum  and  coherence  analysis  was  developed  to  study 

fr0m  1E_r®9lq"  irregularities  with  the  50-MHz  Jlcamarca  VHF  radar, 
his  method  was  also  applied  to  measure  Incidence  angles  with  the  chung-ii  VHF 
radar  and  to  investigate  polar  mesosphere  summer  echoes  with  the  224-MHz  EISCAT 
VHF  radar,  we  envisage  essentially  more  details  of  the  scattering/ ref  lection 
mechanism  by  the  application  of  the  spatial  and  frequency  domain  Interferometry 

In  Fig.  2 we  have  summarized  the  different  methods  which  can  be  applied  with 
radar  in  the  spaced  antenna  mode  to  measure  atmospheric  parameters.  This  Is 
iThlr*  arJh  ^Phasised  since  It  Is  often  thought  that  the  spaced  antenna  method 
barely  the  spaced  antenna  drift’  technique  to  measure  the  drift  speed  of 
- ractive  index  irregularities  and  deduce  the  horizontal  wind.  This  technique 
iL°h  . a mino1"  part  of  the  total,  Indicated  by  the  branch  Including  the  square- 
1 aw  detector  in  Fig.  2.  All  further  applications  make  use  of  the  phase  informa- 
™»h^SUCh^S  Interferometer,  the  post-beam-steering  and  the  post-statistics 
method  used  with  the  SOUSY  and  the  Jlcamarca  VHF  radar,  respectively. 

POSSIBLE  MECHANISMS  TO  GENERATE  CERTAIN  TYPES  OF  RADAR  ECHOES 

,rh!WtPr0,C8SSeS  "h^h  cou1d  be  9«nerat1on  mechanisms  for  the  observed  radar 
uruCtl!res  shou1d  now  briefly  be  discussed.  These  mostly  are  related  to 

i^5Sl?<dyna?1C.  proqesaes  such  as  thosa  outlined  in  Table  2,  which  shows  the 
interrelation  of  atmospheric  waves  and  turbulence  as  seen  by  MST  radar. 

uoi^n?7Per10d  waves  undergo  non-linear  steepening  or  tilting  when  their  phase 
velocity  C approaches  the  wind  velocity  U.  Through  the  approach  of  superadia- 
batic  lapse  rate  and  velocity  shear,  Kelvln-Helmholtz  instability  (KHI)  is 
activated  and  quasi  two-dimensional  turbulence  is  generated.  Turbulence  scatter 
or  Fresnel  reflection  from  the  boundaries  of  the  turbulence  layers  can  occur. 
Also  steep  temperature  inversions  (stable  sheets  or  laminae)  could  be  caused  by 
the  steepened  waves,  which  can  be  seen  by  Fresnel  reflection. 

Short-period  waves,  propagating  upwards  from  lower  atmospheric  sources  or 
generated  in  situ  by  KHI  or  by  two-dimensional  turbulence  arising  from  long- 
period  waves,  undulate  these  layers  of  turbulence  or  the  laminae  of  temperature 
inversions.  Besides  of  transferring  energy  to  long-period  wave  modes  by  wave- 
wave  interaction  these  short-period  waves  can  grow  In  amplitude  by  KHI  (local 
or  due  t0  ener9y  conservation  of  upward  propagating  waves.  Non- 
Unear  tilting,  steepening  and/or  parametric  instability  can  occur.  The  develop- 
ment  of  tilting  can  be  observed  by  Fresnel  reflection  due  to  the  concurrent 
distortion  of  isotherms  during  KHI. 

N°n-1 Inear  tilting  of  short  period  waves  can  cause  overturning  and  breaking 
through  the  Ray leigh-Taylor  instability  (RTI).  since  this  happens  at  certlln 
phases  of  the  wave,  localized  regions  of  small-scale  turbulence  occur.  These  are 

*®®"  1 by  radars  aa  b1obs  °r  b^sts,  which  are  propagating  with  the  phase 

speed  of  the  wave.  Blobs  can  spread  into  wider  spatial  scales  by  multiple  repe- 


75 


Table  2 

Interrelation  of  Waves  and  Turbulence  as  Seen  by  Radar  (from  ROttger,  1987) 


long-period  waves 
C+U 

\ 

nonlinear  steepening 
of 


velocity  shear, 

lapse  rate 
(unstable) 

i 

KHI  

1 

quasi-2-D  

turbulence 

1 

turbulence  scatter 


Fresnel  reflection 
from 

boundary  of 
turbulence  layer 


layers  of  turbulence 


temperature  inversions 
(stable) 


in  sttu 


Fresnel  reflection 
(mst  radar) 
due  to 
persistent 
sheets  or  laminae 


short-period  waves 

I 

. — - — undulate 


wave-wave 

interaction 


sheets 


growth  of  wave  amplitude  by  khi  (local  generation)  or 
from  energy  conservation  of  upward-propagating  waves 

* 


nonlinear  steepening, 
parametric  instability 

distortion  of 
isotherms  during 
KHI 

Fresnel  reflection 
and 

scattering 


Fresnel  scatter 

t 


decay  into 
turbulence  layers  „ 

I 

generation  of 
temperature  gradients, 
dissolve  into  multiple  sheets 


* 

nonlinear 
wave  tilting 

* 

RTI 

overturning, 

breaking 

Secondary  khi 

rti  etc. 

strong 

turbulence 

blobs 

♦ . 

scattering 
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tition  of  KHI/RTI  and  cause  thick  layers  of  strong  turbulence.  Through  the 
turbulence  layers  corrugated  temperature  gradients  are  generated  and  the  layers 

of "ac 1 1 va  t u rhii ton  mUlt*Pl!  sheets  or  1am1nae  which  can  be  regarded  as  remnants 
of  active  turbulence.  Again  waves,  generated  elsewhere,  can  undulate  these 

* “ 1ayer®  and  the  laminae.  We,  thus,  close  the  dynamical  circle  to 
explain  the  simultaneous  observations  of  often  Independent,  individual  small- 
ana  meso-scale  gravity  waves  and  turbulence. 

described  Interrelation  of  a variety  of  dynamical  phenomena  in  the  atmo- 
sphere can  explain  the  earlier  recognized  characteristics  of  VHF  radar  echoes 
namely  blobs,  sheets  and  layers.  They  are  consistent  with  accepted  theories  and 
observations  of  gravity  waves  and  Instabilities  and  they  also  support  the  notion 
of  a coexistence  of  gravity  waves  and  turbulence  In  the  middle  atmosphere. 

CONCLUSION 


The  interpretation  of  radar  returns  from  the  clear  air  has  been  and  still  is 
in  a long-lasting  dispute.  Is  this  just  resulting  from  a semantic  misunderstand- 
ing  or  preference  of  approaches  to  study  the  phenomenon  or  does  it  result  from 
different  physical  phenomena?  There  are  certainly  different  meteorological  and 
aeronomical  phenomena,  which  cause  the  different  signal  characteristics.  In  any 
case  we  can  discriminate  between  the  two  extreme  models  of  the  echoing  process 
itself:  Scatter  by  random,  non-determlni stic  fluctuations  of  the  refractive 

index  In  space  and  time,  which  can  be  Isotropic  and  anisotropic.  These  fluctua- 
tions result  from  neutral  air  turbulence  of  convective  or  dynamic  origin  The 
anisotropic  approach,  however,  Is  already  at  the  limit  of  becoming  deterministic 
in  two  coordinates.  Reflection  Is  from  a refractive  Index  discontinuity  between 
horizontal ly  stratified  air  masses  of  different  refractive  index,  resulting  from 
noruontal  flow  pattern,  radiation,  evaporation  or  electron  density  structures 
in  the  mesosphere.  There  are  also  clear  indications  for  the  coexistence  of  the 
two  major  mechanisms,  namely  the  thin  and  almost  horizontally  stratified  laminae 
of  refractive  Index,  which  appear  to  be  corrugated  by  background  turbulence,  the 
pronounced  aspect  sensitivity  and  long  persistency  which  transits  into  Isotropy 
and  random  fluctuations  at  larger  aspect  angles  and  the  non-Gaussian  shape  of 
the  Ooppler  spectra  and  signal  components. 

The  transition  between  the  classical  turbulence  scatter  and  reflection  mecha- 
nisms and  the  scatter  from  hydrometeors  needs  to  be  considered  also  and  will  be 
discussed  elsewhere  as  will  the  transition  of  turbulence  scatter  to  incoherent 
scatter  (Thomson  scatter  from  the  Ionosphere).  The  former  has  for  instance  been 
done  at  the  MU  radar  where  the  drop-size  distribution  was  derived.  The  latter 

inTti93ted  3t  the  EISCAT  radars  as  polar  mesosphere  surmner  echoes 
PMSE) , which  are  neither  generated  by  incoherent  scatter  nor  turbulence  scat- 
ter. 


There  had  been  some  interesting  recent  developments  and  approaches  for  improv- 
ing our  understanding  of  the  radar  returns  and  the  atmospheric  structure,  these 
are:  The  measurement  of  the  frequency  dependence  of  the  MST  radar  echoes  the 
analysis  of  the  signal  statistics,  modelling  of  the  structures  and  the  resulting 
radar  returns,  interferometer  applications  in  space  and  frequency,  vorticity  and 
divergence  measurements  for  instance.  Further  understanding  will  be  gained  by 
the  combination  of  radar  measurements  with  other  methods,  such  as  m-situ  mea- 
surements with  balloons,  rockets  and  aircrafts.  Also  the  extension  of  radar 
systems  by  radio-acoustic-sounding  systems  (RASS),  LIDAR  and  SCIDAR  (Scintilla- 
tion measurements)  is  turning  out  to  be  very  useful. 

More  details  on  the  mentioned  observations,  mechanisms,  interpretations  and 
techniques  can  be  found  in  the  following  list  of  references. 
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ASPECT  SENSITIVITY  OF  MESOPAUSE  SUMMER  ECHOES  AT  VHF 
Iain  M.  Reid  and  Peter  Czechowsky 
Max-Planck-Institut  fur  Aeronomie,  Katlenburg-Lindau,  FRG. 


The  mobile  SOUSY  VHF  (53.5  MHz)  Radar,  located  near  Andenes  (69°N,  16°E)  on 
the  Norwegian  Island  of  And0ya,  has  been  used  to  measure  the  aspect  sensitivity  of 
the  very  strong  radar  returns  obtained  from  near  the  summer  polar  mesopause.  This 
so-called  Polar  Mesopause  Summer  Echo  (PMSE)  exhibits  substantial  aspect  sensitiv- 
ity, with  angular  polar  diagrams  of  the  backscatter  of  2-10°  half-power  half-width  for 
a two  day  average.  Because  the  half-power  thickness  of  the  echo  is  less  than  1 km, 
and  the  associated  radar  returns  very  strong,  the  grating  lobes  of  the  antenna  po  ax 
diagram  can  be  utilized  as  additional  beams,  and  the  power  returned  at  angles  ot  35 
and  38°  off-zenith  obtained.  After  correction  for  the  antenna  polar  diagram,  the  powers 
measured  in  the  grating  lobes  are  about  20  dB  less  than  those  returned  from  the  zenith. 
These  measurements  provide  a estimate  of  the  ratio  of  the  specular  to  the  turbulent 
contributions  to  the  backscatter.  A similar  echo  occurs  at  mesopause  heights  in  sum- 
mer at  higher  mid-latitudes  (52°N).  It  too  exhibits  substantial  aspect  sensitivity,  with 
a half-power  half-width  of  about  6°.  A more  complete  description  of  these  results  is 
given  in  CZECHOWSKY  et  al.  (1988),  REID  et  al.  (1988)  and  CZECHOWSKY  and 
REID  (1989). 
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Fig.  1 Antenna  radiation  pattern  of  the  mobile  SOUSY  VHF  Radar  lo- 
cated at  Andenes  in  northern  Norway.  The  solid  line  represents 
the  polar  diagram  for  an  off-zenith  angle  of  5.6°  at  planes  par- 
allel ( AZ  - 0°)  and  perpendicular  ( AZ  = 270°)  to  the  dipole 
direction.  The  dashed  line  shows  the  diagram  for  an  off-zenith 
angle  of  4°  in  directions  of  AZ  = 45°,  225°  and  315°  to  the  dipole 
direction.  [After  CZECHOWSKY  et  al.,  1988] 

SOUSY  VHF  RADAR  ANDENES 


Fig.  2 Backscattered  power  measured  with  the  main  beam  at  off- 
zenith  directions  of  4°  and  5.6°  and  with  the  grating  lobes  at 
35°  and  40°  (see  Figure  1)  relative  to  that  received  in  the  ver- 
tical beam.  The  three  curves  represent  the  returned  power 
as  a function  of  the  off-zenith  angle  6 given  by:  P$jPy  = 
exp(  — sin2 B j sin2 6 s)  where  Os  is  the  half  width  of  the  an- 
gular polar  diagram  of  the  backscatter.  The  measurements 
obtained  with  the  grating  lobes  of  the  antenna  in  Andenes 
provide  an  estimate  of  the  ratio  of  the  specular  to  the  turbu- 
lent contributions  of  the  backscatter  [after  CZECHOWSKY 
et  al.,  1988]. 
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SOUSY  VHF  RADAR  Andenes  10:00  - 03:00LT  16/20  Jun  1987 
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SOUSY  VHF  RADAR  7 JULY  1968  HARZ 


Fig.  8 Echo  powers  measured  with  the  sta- 
tionary SOUSY  VHF  Radar  in  the  Harz 
mountains  (FRG),  relative  to  that  re- 
ceived from  the  vertical  direction,  plot- 
ted as  a function  of  off-zenith  angle. 
The  half  width  of  the  angular  distribu- 
tion of  the  backscatter  was  calculated 
according  to  the  formular  given  in  Fig- 
ure 2 [after  REID  et  al.,  1988]. 
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ABSTRACT 

Conventionally,  atmospheric  aspect  sensitivity  of  VHF  radar  echoes  is  measured  using  a 
narrow  beam  radar  in  order  to  avoid  the  complications  due  to  broad  beam  effects.  However,  in 
this  study  a new  technique  using  beam  broadening  effects  has  been  developed.  It  used  the 
relatively  broad  antenna  beam  (half  power  beam  width  is  7.4  deg)  of  the  vertically  pointing  antenna 
of  the  new  Chung-Li  VHF  radar.  The  aspect  sensitivity  measurement  using  this  method  is 
straightforward  and  free  from  the  convolution  effects  introduced  by  the  finite  width  of  the  antenna 
beam  pattern.  The  observed  value  at  heights  from  2 to  8 km  is  about  0.5  dB/deg  to  1 dB/deg 
which  agrees  very  well  with  other  measurements. 


INTRODUCTION 

Since  WOODMAN  and  GUILLEN  (1974)  successfully  measured  the  stratospheric  and 
mesospheric  wind  field  and  turbulence  with  the  Jicamarca  VHF  radar  by  using  the  modem  MST 
radar  technique,  the  fields  of  VHF  radar  probing  the  lower  and  middle  atmosphere  have  been 
established.  It  is  well  known  that,  using  powerful  VHF  radars,  many  important  atmospheric 
parameters  and  dynamic  phenomena,  such  as  3-dimensional  wind  fields,  tropopause  height, 
atmospheric  refractive  index  structure  constant  (Cn2),  turbulent  energy  dissipation  rate, 
atmospheric  stability,  gravity  wave  characteristics,  turbulent  structure,  etc.,  can  be  measured  or 
observed  (GAGE  and  GREEN,  1978,  1979;  ROTTGER,  1980;  VANZANDT  et  al.,  1978; 
HOCKING,  1983a,  b,  1985,  1987). 


There  are  many  kinds  of  echo  mechanisms  proposed  by  different  scientific  workers  to 
explain  the  properties  of  MST  radar  returns.  The  so-called  "isotropic  turbulent  scattering" 
proposed  by  BOOKER  and  GORDON  (1950)  explained  the  results  of  troposcattenng;  GAGE  and 
BALSLEY  (1980)  and  DOVIAK  and  ZRNIC  (1984)  took  "anisotropic  turbulent  scattering"  for 
illustrating  the  phenomenon  of  atmospheric  aspect  sensitivity  (GAGE  and  GREEN,  1978; 
ROTTGER  et  al.,  1981;  TSUDA  et  al„  1986).  The  concept  of  "Fresnel  scattering"  was  introduced 
by  GAGE  et  al.  (1981)  to  account  for  the  echoes  from  volume  filling  of  specular  layers  observed 
by  VHF  radar.  "Fresnel  reflection"  (or  partial  reflection)  is  also  an  important  echo  mechanism  of 
MST  radar  and  has  been  confirmed  by  many  experimenters  (ROTTGER  and  LIU,  1978; 
ROTTGER,  1980)  and  the  echo  mechanism  of  "diffuse  reflection"  has  been  discussed  by 
ROTTGER  (1980). 


Atmospheric  aspect  sensitivity  (or  angular  spectrum)  has  been  measured  with  MST  radars 
for  many  years  (ROTTGER  and  VINCENT,  1978;  VINCENT  and  ROTTGER,  1980;  ROTTGER 
et  al.,  1981;  WATERMAN  et  al.,  1985;  SATO  et  al.,  1985;  TSUDA  et  al.,  1986;  HOCKING  et 
al.,  1986).  The  width  of  the  angular  spectrum  is  closely  related  to  atmospheric  stability:  the  more 
stable  the  atmosphere,  the  more  narrow  the  angular  spectral  width,  and  vice  versa.  The  physical 
mechanisms  that  cause  the  angular  dependence  of  VHF  radar  echo  power  are  not  yet  fully 
understood.  However,  there  are  two  possible  echo  mechanisms  responsible  for  the  aspect 
sensitivity  which  have  been  discussed  extensively  by  many  scientific  workers.  . One  is  diffusive 
reflection  from  the  corrugated  refractive  index  surface  (RATCLIFFE,  1956;  ROTTGER,  1980), 
and  the  other  is  anisotropic  turbulent  scattering  (DOVIAK  and  ZRNIC,  1984;  WATERMAN  et  al., 
1985;  WOODMAN  and  CHU,  1988). 
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The  existence  of  aspect  sensitivity  will  influence  the  accuracy  of  the  atmospheric  parameters 
evaluated  from  the  Doppler  spectrum  of  vertical  or  close  to  zenith  pointing  radar  returns,  such  as 
horizontal  wind  velocity,  turbulent  rms  velocity,  etc.  (ROTTGER,  1980;  TSUDA  et  al.  1986* 
HOCKING  et  al.,  1986;  HOCKING,  1987).  Therefore,  it  is  very  important  to  measure  accurately 
the  correct  aspect  sensitivity  before  making  an  evaluation  of  atmospheric  parameters  from  a VHF 
radar  Doppler  spectrum.  The  current  method  of  aspect  sensitivity  measurement  used  at  most  MST 
radars  around  the  world  is  the  so-called  beam  swinging  method,  that  is,  tilting  the  radar  beam 
continuously  toward  different  zenith  angles,  the  aspect  sensitivity  will  then  be  obtained  after 
evaluating  the  echo  power  for  each  pointing  direction.  The  aspect  sensitivity  measured  with  this 
method  is  different  from  the  actual  one,  because  of  the  convolution  effect  with  the  antenna  beam 
pattern.  In  this  paper,  a new  method  of  aspect  sensitivity  measurement  by  using  the  beam 
broadening  effect  from  the  Doppler  spectrum  of  vertically  pointing  radar  beams,  developed  at  the 
Chung- Li  VHF  radar  in  Taiwan,  ROC,  (WOODMAN  and  CHU,  1988),  will  be  introduced  and  the 
results  of  measurements  are  also  presented  and  discussed. 

CHARACTERISTICS  OF  THE  CHUNG- LI  VHF  RADAR 

The  Chung-Li  VHF  radar  is  located  on  the  campus  of  the  National  Central  University  in 
Taiwan,  ROC,  (25°N,  121  °E).  The  operation  of  this  radar  began  on  June  1,1985.  It  consists  of 
three  identical  and  independent  modules,  the  antenna  area  and  peak  transmitted  power  of  each 
module  are  1600  m2  and  60  kW,  respectively.  The  antenna  module  is  composed  of  64  (8x8)  Yagi 
antennas  arranged  in  a square  of  sides  40  m.  The  antenna  configuration  is  shown  in  Figure  1.  The 
radar  frequency  is  52.2  MHz  (radar  wavelength  is  5.77m),  and  the  pulse  width  can  be  set  as  1,  2, 
4,  8,  and  16  jis  arbitrarily.  The  maximum  duty  cycle  is  2%.  The  phase  code  is  a complementary 
code  with  2, 4,  8,  or  16  elements.  The  direction  of  the  radar  beam  for  each  antenna  module  or  for 
full  antenna  aperture  can  be  pointed  independently  from  zenith  toward  northeast,  southeast  south- 
west, northwest  with  fixed  zenith  angle  17°  and  the  beams  can  also  be  pointed  vertically.  The 
azimuth  ^gle  for  the  off- vertically  pointing  beams  are  shown  in  Figure  1.  The  half  power  beam 
width  (HPBW)  for  each  module  and  full  aperture  is  7.4°  and  5°,  respectively.  The  maximum 
probing  range  is  about  1 to  25  km.  However,  occasionally,  the  echoes  of  mesospheric 
irregularities  can  be  observed  (CHU  et  al.,  1988a).  The  characteristics  are  summarized  in  Table  1. 

THE  METHOD  OF  ASPECT  SENSITIVITY  MEASUREMENT  WITH  VERTICALLY 
POINTING  RADAR  BEAMS 


The  Doppler  spectral  width  is  an  extremely  important  VHF  radar  echo  parameter.  Much 
atmospheric  information,  such  as  turbulent  rms  velocity  and  energy  dissipation  rates,  can  be 
evaluated  from  this  radar  parameter.  However,  there  are  quite  a few  physical  mechanisms  which 
can  contaminate  the  width  of  the  Doppler  spectrum.  For  example,  the  beam  broadening  effect 
SJ\ f 31  effect*  and  gravity  wave  oscillation  effect  will  broaden  the  Doppler  spectral  width 
a£kASuet  1?64;  GAGE  md  BALSLEY>  1978;  BRIGGS,  1980;  HOCKING,  1983a, b,  1985 
1986),  whereas  the  Doppler  spectral  width  will  also  be  narrowed  by  the  aspect  sensitivity  for 
vertical  or  close  to  vertical  pointing  radar  beams  (R0TTGER,  1981;  WOODMAN  and  CHU, 
1988).  Therefore,  because  of  the  broadening  and  the  narrowing  effects  coexisting  in  the  observed 
Doppler  spectrum,  the  estimation  of  true  atmospheric  information  from  spectral  width  will  be 
impossible  if  the  contaminating  factors  are  not  thoroughly  removed  from  the  spectrum 


For  a sufficiently  broad  antenna  beam,  if  the  echoing  mechanism  is  isotropic  turbulent 
scattering,  the  observed  echo  power  at  a specified  Doppler  frequency,  f,  will  then  be  the  integration 
result  of  the  echo  power  scattered  from  the  refractive  index  fluctuations  which  are  located  linearly 
within  the  radar  volume  with  the  corresponding  angular  positions  and  arranged  perpendicularly  to 
the  horizontal  wind  direction.  From  Figure  2 it  is  easy  to  show  that  the  signals  returned  from  the 
irregularities  located  on  the  line  AB  will  have  the  same  Doppler  frequency,  f,  and  the  mathematical 
relation  between  f and  zenith  angle  0 measured  along  the  horizontal  wind  direction  will  be 


f = - 2 U S/X 


(1) 
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where  U is  the  horizontal  wind  speed,  X is  the  radar  wavelength.  The  Doppler  spectrum  thus 
uam  broad.6ni"g  Doppler  spectrum  or  nonturbulent  Doppler  spectrum 
ihc  n , Ho^ever,  if  there  is  aspect  sensitivity  in  existence,  the  shape  of  the 

Jrr lCT  f°r  a ^erfically  Pointing  broad  antenna  beam  will  be  determined  from 

if  (h  ohiphcation  effect  between  the  beam  broadening  Doppler  spectrum  and  the  aspect  sensitivity 
it  the  wind  shear,  turbulent  fluctuation  and  gravity  wave  oscillation  effects  are  all  neglected  as 
cu^Ys" thi8£e  3‘  The  dashed  curve  in  Figure  3 represents  the  aspect  sensitivity,  A(f),  the  dotted 
S Jh.u  1,63111  broadening  Doppler  spectrum,  B(f),  responsible  for  a given  horizontal  wind 
™ r ante"na  Pat?em,  and  the  solid  curve  represents  the  observed  Doppler  spectrum 
follow?eref°re’ thC  mathematlcal  relationship  between  S(f),  B(f),  and  A(f)  can  be  described  as 


S(f)  = A(f)  * B(f) 


(2) 


broadeni"g  sPectrum  can  be  easily  estimated  if  the  Gaussian  assumption  of  the  antenna 
(HOCWNG,  T985dCHU  '^g^120"13  Wlnd  Speed  is  known'  ^ width  of spectrum  will  be 

ct  = U ©o.5/(2V2  In  2)  (3) 

where  a is  the  beam  broadening  spectral  width,  ©0  < is  the  HPBW.  Therefore  the  asnert 
sensitivity,  A(0),  will  be  evaluated  by  the  following  equation:  * ^ 


LoG  A (©)  = Log  S(f)  - Log  B(f) 


(4) 


h!hthk  wavele?°i?shfip  be!reen  f and  6 is«hown  in  equation  (1).  The  aspect  sensitivity  measured 
in  this  way  results  from  the  narrowing  effect  on  the  beam  broadening  Doppler  spectrum  of  the 

snertn^m  P?nh!.ng  ^amf  31,6  1)63111  broadening  effect  contributed  to  the  observed  Doppler 
spectrum  will  be  remarkable  if  the  antenna  beam  width  is  broad  enough.  This  fact  can  be  proven 
from  the  exercise  taken  as  follows:  for  the  Chung-Li  VHF  radar  the  HPBW  is  7.4°  if  the 
speed  is  assumed  to  be  10  m/s,  the  beam  broadening  Doppler  spectral  width  will 
be  0.56  m/s  calculated  from  equation  (3),  while  the  spectral  width  contributed  from  turbulent 
fluctuations  and  gravity  wave  oscillations  is  less  than  0.3  and  0.1  m/s  during  quiet  conditions 
respectively  (SATO  and  WOODMAN,  1982;  CARTER  et  al„  1984).  Therefore  tecaLe  thcS 

ohse^edn  Cff?Ct  1S  mUC,h  laiger.than  the  turbulent  and  gravity  wave  effect  contributed  to  the 
observed  Doppler  spectral  width,  it  is  practicable  for  a broad  antenna  beam  to  measure  the  aspect 

™ty  m temiS-  °f  beam  broadening  Doppler  spectrum  for  a vertically  pointing  radar  beamP  In 

VHF  raH^,nanH^L10nK 3,1  exPenm.ent  of  asPect  sensitivity  measurement,  made  by  the  Chung-Li 
VHF  radar,  and  the  observed  results  are  presented  and  discussed.  6 

EXPERIMENT  AND  RESULTS 

nsno  r here  W5re  obscrved ,at  the  Chung-Li  VHF  radar  on  April  23,  1986,  0723  - 

0809  LT.  The  three  antenna  beams  were  tilted  toward  northeast,  northwest,  and  zenith  directions 

nS  ITPpV  esm  6 W1^  u 35  selected  as  2 PS  (30°  meters  range  resolution),  interpulse 
staS  iffsTm  M C°  Crent  integrati°ttttme  was  0.25  s.  The  altitude  of  observation 
started  at  1.8  km  and  40  range  gates  were  set.  The  FFT  of  64  points  was  performed  and  170 

IV3  TKPeCtra  'Y.er®  averaged  incoherently  for  the  radar  returns  of  each  channel  and  each 
range  gate.  The  normalized  averaged  Doppler  spectra  are  shown  in  Figure  4,  plotted  with  the  solid 
curve.  From  the  two  oblique  Doppler  spectra,  the  mean  horizontal  wind  velocity  can  be  estimated 
nrofnC  °f  T101?16111  ™ethod  for  each  range  gate  if  the  signal-to-noise  ratio  is  high  enough.  The 
profile  of  the  horizontal  mean  speed  measured  is  shown  in  Figure  5,  plotted  with  the  solid  curve 
Tire  dashed  curvsin  Figure  5 is  the  rawinsonde  wind  observed  at  the  Pan-Chiao  station  apart  from 
III6  Ch^"S;Ll  ^ P radar  aboiU  25  km  northeast.  Once  the  horizontal  wind  speed  is  evaluated  the 
beam  broadening  spectrum  will  be  determined  exactly  according  to  equation  (3)  if  the  antenna  beam 
pattern  is  assumed  to  be  Gaussian  shaped.  The  normalized  beL  broadening  spectra^  shown  ,™ 
Figure  4,  plotted  with  the  dotted  curve.  The  beam  broadening  spectra  are  not  evaluated  above 
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Figtrrc  2.  The  solid  circle  represents  the  order  O md'poim 

B whkthSTiftteS  of  point  ?nThe  Doppler  frequency  shifts  at  points  B and  A 
arising  from  the  drifting  effect  are  identical  if  U is  constant. 


_ Observed  Doppler  Spectrum 

Beam  Broadening  Spectrum 

Angular  Spectrum 


W'ND  VELOCITY  (m/»o  c } 


Figure  4.  Comparison  between  normalized  observed 
beam  broadened  Doppler  spectra  (dotted  curve). 


Doppler 


spectras  (solid  curve)  and  theoretical 


Figure  5 The  comparison  between  rad 
observed  mean  horizontal  wind  speed  a 
rawinsonde  wind  speed. 


mean  HORIZONTAL  wind  SPEEO  («✓*«<) 
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range  gate  30  because  ihc 

spectral  width  and  the  ordinate > is  Ac so  p pp  (Oblique  Doppler  spectra)  are  deviated 

points  distributed  in  pane(a)  l ^us  tecaLe  tL^gnal-to-noise  ratio  at  these  altitudes  is  not  high 
much  from  the  line  with  slope  1.  It  is  bee  ® . evaluated  accurately  from  the  observed 

to  Figure  4.  Therefore,  the  aspect  sens  y „npctra  according  to  the  previous  illustration  m 

ss«?4d).;h^s^ 

85  STcSSS;  ^ds^3itag  «f 

K 8 ,?n  E^p^csof^w^tc,^  ^“SSauS 

the  generalized  potential  refractive  index ^gradJ -t,  , P Figure  7.  The  definition  of  M is 

altitude  marked  with  the  arrows  in  Figure  8 have  been  shown  in  rigurc 
(TATARSKII,  1961;  VANZANDT  etal.,  1978) 

where  P is  rheaunosphe* 

© is  the  potential  temperature  ( K).  It  is  PmrU  Fimire  8 it  is  clear  that  the  profiles  of 

M2,  the  higher  the  stability,  the  larger  W e rfM*.  * £ £ Confirmed  by  many 

echo  power  and  \£  are  matched n^BALSLEY.  1980).  The 
scientific  workers  (GAGE  et  al.,  198  , puUng_Li  VHF  radar  by  using  the  vertical 

ia«ra«H3s:iSK 

and  “brSening  effect  developed  at  Chung-Li  is  practicable  and  correct. 

DISCUSSION  AND  CONCLUSION 

There  are  many  assumptions  in  the  method  of  aspect  sensitivity 

In  5 minutes  (HOCKING,  1986,  c,  ft. 
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CHUNG-U  VHF  RAOAfi 
86/0  U/22 


DEAN  BROAOENINO  SPECTRAL  WIDTH  (m^-  tecj 


Figure  6.  The  scatter  diagram  of  observed  spectral  width  and  beam  broadening  spectral  width. 


represents  The  VHF  ^ The  °pen  circ!e  curve 

beams  and  the  cross  is  the  echo  power  difference  between  vTrtiS  Tud^qu^amr^  P°iming 
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Fimre  8 The  profiles  of  echo  power  for  beams  toward  north,  east,  and  vertically  pointing  and  M2 
K KSSogicaldata observed  a.  the  Pan  Chaio  raw.nsonde  station. 
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j COndi?°n  is  VC^  ?uiet  (CARTER  et  al.,  1984).  As  for  the  turbulent  broadenine 
effect,  the  degree  of  its  contribution  to  the  vertical  Doppler  spectral  width  can  be  estimated  frnm  the 

spectrum.  If  the  former  is  larger  than  the  latter,  it  implies  that  the  turbulent  broadenine  effect  will 
£ vefy  mPO«ant  and  cannot  be  neglected.  Under  this  situation,  although  *e23  sSSSTof 
the  aspect  sensitivity  cannot  be  evaluated  from  the  observed  veS  DoppleT^um  the 
aspect  sensitivity  will  be  calculated  from  the  infoma^n  of  beam 
g spectral  width,  vertical  and  oblique  observed  Doppler  spectral  width  (CHU  19881 

s“iidmy  rr^Vr  d““” ss","r  (“s 

STS2K  The  r,fr  ? Ac  mcasurcm«n‘  results  Of  aspect  seSsSy SSSf S 
SaU?^^  mcasurcd  the  br°ad  radar  — pointed 

„„  ?rom  ±e  Pre^ous  discussion,  it  is  concluded  that  for  a VHF  radar  with  which  the  asnerr 

team  v^c^J^intir^ ractobcam  wd/te^pp^ied ?f  the  antenna 

beam  is  broad  enough  and  the  horizontal  wind  speed  can  be  evaluated  precisely^ 
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ASPECT  SENSITIVITY  MEASUREMENTS  OF  VHF  BACKSCATTER  MADE  WITH  THE 
CHUNG-LI  RADAR:  PLAUSIBLE  MECHANISMS1 

R.  F.  Woodman 

Jicamarca  Radio  Observatory 
Instituto  Geofisico  del  Peru 
Lima,  Peru 

Y.-H.  Chu 


National  Central  University 
Chung-Li,  Taiwan,  ROC 


A new  technique,  using  beam  broadening  effects,  has  been  developed  to  measure  the 
aspect  sensitivity  of  atmospheric  clear-air  VHF-radar  echoes.  It  uses  therelativity  broad 
antenna  beam  of  the  vertical  pointing  antenna  of  the  new  Chung-Li  ST-radar  (25°N  120°E1 
™!?  ^!SPriCt  SrfSltlVlty  ^easurement  using  this  method  is  straightforward  and  free  from 

effccts  1"tro5i“ce^*  by  the  finite  width  of  the  antenna  beam  pattern.  The  observed 
results  agree  very  well  with  other  measurements. 


The  authors  propose  a turbulent  layer  model  to  explain  the  aspect  sensitivity  of  the 
thf^hounHn  thls5n°5ic1’  anisotropic  turbulence  is  confined  to  a very  thin  (few  meters)  region  at 
the  boundary  of  a turbulent  layer.  This  region  is  responsible  for  the  aspect  sensitivity  of  the 

teamaris<^ed  ^ veniealdration.  The  isotropic  echoes  obtained  from  the  oblique 
beam  anse  from  the  isotropic  turbulence  embedded  in  the  center  of  the  layer,  with  30  to  300 

yemcal  «tent'  We  show  in  an  Appendix  that  the  magnitude  of  the  p3  reflation 

SSSKr*-"0"  SrinS1^f  t0ihe  shuapf*  lenJB*  ^ and  smoothness,  than  to  the  slope 
of  the  refractive  index  profile.  Therefore,  the  functional  shape  of  the  refractive  index  profile  is 
very  important  for  estimating  the  reflection  coefficient.  Large  errors  can  be  made  when 
ssuming,  for  simplicity,  nonphysical  profiles.  For  partial  reflecting  mechanisms  to  be 
te  requhedStC^  dCC  dlscontinuities>  confined  within  length  scales  of  the  order  of  meter,  would 
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A Relation  between  Specular  Reflection  Echoes  and  Refractive 
Index  Gradient  in  the  Troposphere  and  Lower  Stratosphere 


T.  Tsuda(1),  P.  T.  May(2),  T.  Sato(3), 

S.  Kato(1)  and  S.  Fukao(1) 

(1)  Radio  Atmospheric  Science  Center,  Kyoto  University 

(2)  CIRES,  University  of  Colorado 

(3)  Department  of  Electrical  Engineering,  Kyoto  University 


1 INTRODUCTION 

MST  radars  operated  at  VHF  and  UHF  utilize  a physical  principle  that  radiowaves  in 
these  frequency  bands  are  scattered  and/or  reflected  by  fluctuations  in  the  radio  lefiac- 
tive  index  of  the  atmosphere.  It  is  fairly  widely  accepted  that  for  VHF  radar  observa- 
tions isotropic  turbulent  scattering  is  dominant  in  the  oblique  directions,  and  reflection 
from  stratified  layers  becomes  dominant  in  the  vertical  direction  [Gage  and  Green,  1978; 
Rottger  and  Liu,  1978;  Hocking  and  Rottger,  1983;  Tsuda  et  al. , 1986]. 

This  study  is  concerned  with  a relation  between  reflection  echoes  observed  from  the 
vertical  direction  in  the  troposphere  and  lower  stratosphere  with  the  MU  radar  and 
refractive  index  gradient  simultaneously  measured  by  a radiosonde  launched  from  the 
MU  radar  site. 

2 REFRACTIVE  INDEX  GRADIENT 

The  vertical  gradient  of  potential  refractive  index  M in  the  dry  atmosphere,  i.e.  neglecting 

humidity,  is  defined  as:  2 

M = -77.6xl(T6^  — (!) 

T g 

where  p,  T and  N are  the  atmospheric  pressure,  temperature  and  Brunt- Vaisala  (buoy- 
ancy) frequency,  respectively  [e.g.,  Gage  et  al,  1985],  Note  that  since p/T  is  proportional 
to  air  density,  M is  proportional  to  N2  and  air  density.  Therefore,  M generally  decreases 
with  the  scale  height  of  air  density  (approximately  7 km)  in  the  stratosphere  where  the 
background  value  of  N 2 is  roughly  constant.  Relative  fluctuations  of  air  density  are  of 
an  order  of  T'/T0,  where  T and  T0  are  the  fluctuating  and  background  components  of 
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temperature  profile.  Since  T'/T0  < 1/100,  the  fine  vertical  structure  of  M is  mainly 
determined  by  the  N2  profile. 

The  received  echo  power  for  the  Fresnel  reflection  is  expressed  as  follows: 


Pv  = 


P,X2G 2 2 
16x2r2  P 


(2) 


where  Pt  X r,  G and  p are  the  transmitted  power,  radar  wavelength,  range,  antenna 
gam  and  reflection  coefficient,  respectively.  The  reflection  coefficient  is  assumed  to  be 
proportional  to  M and  the  intensity  of  fluctuations  with  a vertical  scale  of  half  of  the 
radio  wavelength  E(2k)  [ VanZandt  and  Vincent , 1982:  Gage  et  ai,  1985],  i.e. 


p2  = CM2E(2k)  (3) 

where  C is  a constant  which  is  determined  by  the  radar  wavelength  and  the  height 
resolution  of  the  radar  sampling  volume. 

On  the  other  hand,  for  isotropic  turbulent  scattering  the  radar  reflectivity  n has  a 
relation  expressed  as 

M2 

ri~eN 2 (4) 

where  e is  the  eddy  dissipation  rate  within  a turbulent  layer  [Gage  et  al.,  1980] 

Considering  (1)  r?  becomes  proportional  to  N2e  in  the  dry  atmosphere,  while  p2  for 
nesnel  reflect  ion/ scattering  becomes  proportional  to  N4E(2k).  Therefore,  these  two 
scattenng/reflection  mechanisms  are  characterized  by  proportionality  to  either  N2  or  N4 
as  well  as  the  turbulence  parameters. 

For  convenience  we  now  define  a normalized  signal-to-noise  ratio  (SNR)  in  the  vertical 
dnection  Sv  after  compensating  for  the  range-squared  effect  as  follows: 


where,  PN  and  R are  the  noise  power  and  the  range  in  km,  respectively.  The  reflection 
coefficient  described  in  equation  (3)  becomes  proportional  to  Sv. 


3 DESCRIPTION  OF  THE  EXPERIMENT 

The  vertical  echo  power  has  been  oversampled  every  75  m at  altitudes  between  5.4-21 
-m  wit  l a height  resolution  of  150  m and  a time  resolution  of  about  74  s by  the  MU 
radar  (35  N,  136°E)  in  September  1986. 

Dining  the  radar  observations  a radiosonde  was  launched  from  the  MU  radar  site 
which  can  sample  temperature,  pressure  and  humidity  every  one  second  (5  m resolution)’ 
We  have  averaged  these  profiles  over  30  m in  order  to  reduce  the  quantization  error  and  to 
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obtain  equally  spaced  points  from  the  irregularly  spaced  original  data  points,  and  further 
smoothed  by  using  a running  mean  window  over  five  adjacent  points,  which  gives  the 
temperature  profile  with  the  height  resolution  of  150  nr  similar  to  that  foi  the  MU  ladai 
observations. 

Although  the  tropopause  was  located  at  around  15  km,  the  vertical  temperature 
gradient  at  10-15  km  altitudes  is  relatively  gradual,  and  therefore,  this  altitude  region 
seems  to  be  fairly  stable  than  in  the  region  below  10  km. 

4 RESULTS  AND  DISCUSSION 

Fig.  1 (a)  shows  M2  (dashed  line)  and  Pv  (solid  line)  profiles  measured  between  10  and 
20  km,  where  M 2 is  determined  by  using  vertical  spacings  of  150  m for  the  calculation 
of  temperature  gradients,  and  Pv  is  averaged  for  43  min.  Peak  values  of  M range  fiom 
10-17—  1CT18,  and  a typical  vertical  spacing  of  these  peaks  is  1-2  km  in  this  height  range. 

The  Sv  profile  shows  peaks  with  similar  vertical  spacings  as  those  in  the  M2  profile 
below  about  15  km,  and  slightly  smaller  spacings  above  15  km.  The  ratio  of  S„  between 
the  peaks  and  valleys  is  about  20  and  10  dB  below  and  above  15  km,  respectively,  which 
is  also  consistent  with  the  range  of  variation  of  M2. 

Overall  agreement  between  the  M2  and  Pv  profiles  below  14  km  is  excellent  except 
for  differences  in  intensity  at  a valley  about  11.8  km  altitude,  and  a discrepancy  of  the 
altitude  of  a valley  near  13  km. 

At  altitudes  of  14-15  km,  which  correspond  to  the  region  just  below  the  tropopause, 
Sv  is  attenuated  relative  to  M2  by  5-10  dB  more  than  other  altitude  regions.  In  the 
height  range  from  15  to  18  km,  Sv  and  M 2 generally  show  similar  height  structures, 
although  the  A/2  profile  is  smoother.  Above  18  km,  Sv  tends  to  decrease  moie  rapidly 
than  M2. 

The  ratio  between  Sv  and  M2  plotted  in  Fig.  1 (b)  shows  a var  iation  ranging  from  -15 
to  15  dB  from  the  mean  value.  However,  the  large  excursion  from  the  mean  mostly  occurs 
at  valleys  of  S„,  where  estimation  of  echo  power  is  less  reliable  than  that  at  peaks.  The 
spacial  variation  of  M2  might  also  be  the  cause  of  the  excursion,  because  the  horizontal 
distance  between  the  MU  radar  and  the  radiosonde  could  become  as  large  as  seveial  tens 
kilometers  at  these  altitudes.  A full  circle  in  Fig.  1 (b)  corresponds  to  a determination 
at  a peak  of  Sv  whose  location  is  indicated  by  a short  horizontal  bar  in  Fig.  1 (a).  The 
mean  value  of  the  ratio  at  the  peaks  is  189.5  dB  with  a standard  deviation  of  2.4  dB 
indicated  as  straight  vertical  lines  in  Fig.  1 (b). 

A linear  regression  or  a cross  correlation  analysis  between  log  M2  and  log  Sv  gives  a 
quantitative  idea  about  the  relation  between  these  two  profiles.  Since  the  measurement 
accuracy  of  M 2 does  not  sccin  to  be  affected  by  the  intensity  of  M2  itself,  and  on  the 
other  hand,  the  determination  of  Sv  becomes  worse  when  the  SNR  is  small,  we  have 
assumed  log  M 2 as  the  independent  variable,  and  log  S„  the  dependent  variable  in  the 


ECHO  POWER,  Sv(dB) 


M?  W®  CROSS  CORR  COEF. 


Figuie  1.  Comparison  analyses  between  M 2 and  .S’,, : (a)  simultaneous  plot,  where  solid 
and  broken  lines  correspond  to  Sv  and  M2,  respectively,  (b)  ratio,  (c)  a linear  regression 
curve,  and  (d)  cross  correlation  coefficient. 
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linear  regression  analysis  plotted  in  Fig.  1 (c).  The  slope  of  the  linearly  fitted  curve  is 
0.98  with  a standard  deviation  of  0.1  for  the  range  of  M2  larger  than  -183  dB.  The  cross 
correlation  value  between  M2  and  S„  for  the  entire  range  of  variables  is  about  0.7  as 

shown  in  Fig.  1 (d).  . 

In  summary,  the  measured  M2  profile  agrees  well  with  the  Sv  down  to  the  radar 

height  resolution  of  150  m,  indicating  that  the  height  structure  of  the  vertical  echo  power 
with  a resolution  of  150  m is  mainly  determined  by  M2,  thus  by  (N2)  . This  implies 
that  in  equation  (3)  M2  varies  much  more  than  the  factor  E(2k).  Unfortunately,  we  can 
not  determine  the  origin  of  the  refractive  index  fluctuations  with  a scale  of  3 m (half  of 
the  radar  wavelength)  from  our  observations.  However,  the  linear  relation  between  5„ 
and  M 2 suggests  that  the  energy  density  of  3 in  scale  fluctuations  E(2k)  seems  to  be 
distributed  rather  uniformly  with  height,  although  E(2k)  is  certainly  another  important 
factor  to  determine  the  intensity  of  the  reflection  coefficient. 

This  study  also  suggests  that  intense  peaks  in  the  vertical  echo  power  profiles,  wluc  i 
normally  have  vertical  spacings  ranging  from  several  hundred  meters  to  a few  kilometers, 
represent  the  local  enhancement  of  Brunt-Viiisala  frequency  probably  induced  by  gravity 
wave  activities  through  their  modification  of  the  temperature  field. 
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The  following  formula  is  often  quoted  in  the  literature  to  evaluate  the 
reflectivity  of  a refractive  index  profile,  n(z): 

R = J^tt  -ar  d z . 

Also,  it  is  commonly  assumed  for  simplicity  a constant  slope  profile,  under  the 
impression  that  it  is  the  slope  what  determines  the  reflectivity.  Under  this  conditions, 
or  whenever  an  integrand,  or  its  derivatives  deviate  from  zero  at  the  limits  of 
integration  at  ± L/2,  the  limits  introduce  a discontinuity  which  can  largely 
overestimate  the  reflectivity.  The  difference  between  R*  ( power  received)  of  a 
constant  slope  profile,  evaluated  in  this  form,  and  a error-function  profile  with  a 
characteristic  slope  of  ten  meters,  is  2000  decibel.  It  is  shown  that  the  continuity 
and  smoothness  of  the  profile  is  more  important  than  the  characteristic  slope  An 
error  funcfon  profile  needs  a characteristic  length  as  small  as  a meter  or  less  , and 
a difference  of  a fraction  of  a degree  in  temperature,  to  produce  the  reflectivities 
observed. 


‘Published  as  an  abstract  to  "Aspect  Sensitivity  Measurements  of  VHF  Backscatter  made  with 
the  Chung-Li  Radar:  Plausible  Mechanisms."  (Radio  Science,  early  1989). 
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FINE-STRUCTURE  OF  DOPPLER  SPECTRA 
OF  POLAR  MESOSPHERE  SUMMER  ECHOES  (PMSE) 
OBSERVED  WITH  THE  EISCAT  224-MHZ  RADAR 

J.  Rottger*,  C.  La  Hoz 
EISCAT  Scientific  Association 
P.O.  Box  812,  S-981  28  Kiruna,  Sweden 
(*  on  leave  from  Max-Planck-Institut  fur  Aeronomie) 


ABSTRACT : 

Polar  Mesosphere  Sumner  Echoes  Echoes  detected  on  224  MHZ  are  described  with 
particular  emphasis  on  spectral  features  detected  with  high  time  and  frequency 
resolution.  It  is  supposed  that  the  particular  fine-structure  of  these  echoes 
results  from  very  localized  and  strong  scattering  regions  or  even  partially 
reflecting  structures  of  the  refractive  index  being  o a sporadic  or  spread 
nature. 


INTRODUCTION 

The  multi-national  campaign  MAC/SINE  (Middle  Atmosphere  Cooperation/  Summer  In 
Northern  Europe)  to  study  the  middle  atmosphere  was  carried  out  In  summer  1987 
in  northern  Scandinavia.  The  particular  purpose  of  this  campaign  was  to  inve 
st 1 gate  with  rockets  and  ground-based  methods  the  large  scale  dynamics  and 
structure  of  the  middle  atmosphere  as  well  as  gravity  waves  and  turbulence.  The 
EISCAT  VHF  radar  was  involved  in  the  operations  and  almost  7°  ° 1f, 

vation  time  were  provided  by  Germany,  Norway,  Sweden  and  the  EISCAT  Scientific 
Association.  It  turned  out  that  the  EISCAT  VHF  radar  contributed  substantially 
to  this  campaign,  particularly  enforced  by  the  exciting  detection  of  the  new 
category  of  lower  ionospheric  echoes  on  224  MHz:  The  polar  ^s°spp®r®  t 

echoes,  PMSE.  The  first  observations  of  these  echoes  were  described  by  HOP 
al  (1988)  and  ROTTGER  et  al.  (1988).  Similar  echoes  were  earlier  observed  with 
50-MHz  radars  in  polar  regions  by  ECKLUND  and  BALSLEY  (1981)  a"d. ^ZE^^KLso 
ROSTER  (1985).  We  discuss  in  this  paper  some  typical  features  of  the  polar 
sphere  summer  echoes  observed  on  224  MHz,  in  particular  their  Doppler  spectra 
and  the  variability  of  the  echo  power. 

EXPERIMENTAL  SET-UP  AND  FIRST  HIGH-RESOLUTION  OBSERVATIONS 

The  interesting  outcome  of  the  EISCAT  observations  during  the  MAC/SINE  cam- 
paign was  the  occurrence  of  the  polar  mesosphere  summer  echoes  (PMSE),  which 
were  observed  with  the  EISCAT  VHF  Radar  from  altitudes  between  80  and  90  km.  The 
standard  GEN-11  program  (13-baud  Barker  code  with  1.05  km  baud  length,  e.g., 

TURUNEN,  1986),  which  was  originally  designed  for  ?^«St*VHF 
tions,  was  applied  in  the  beginning  of  the  campaign.  The  EISCAT  VHF  system  was 
run  with  two  klystrons  at  a total  power  of  2 MW  and  8X  duty  cycle  making  use  of 
the  full  VHF  antenna,  which  was  pointed  to  the  zenith.  In  Fig.  1 tPr®®  ™a 
graphic  copies  are  displayed,  which  show  the  first  observations  of  these  strong 
echoes  (courtesy  of  C.  Hall  and  U.P.  Hoppe). 

It  was  argued  that  these  echoes,  which  were  first  described  In  the  Paper 
HOPPE  et  al.  (1988),  cannot  be  explained  by  the  usual  Incoherent  scatter  ©ch 
from  the  D-reglon  (e.g.,  MATHEWS,  1984).  Coherent  mesospheric  echoes  should  also 
not  be  detectable  at  224  MHz  because  electron  density  Irregularities,  ^’ting 
from  neutral  turbulence,  should  not  be  present  at  the  radar  Bragg  wavelength  of 
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El SCAT  VHF  Radar  SP-SI-6EN-11-V 


Fig.  1 First  real-time  graphic 
echoes  from  altitudes  between 
and  U.P.  Hoppe). 


display  of  polar  mesosphere  summer 
80  km  and  90  km  (courtesy  of  c.  Hall 


The  wave1en9th  of  the  224  MHz  radar).  Following  conventional  theo- 
ries of  turbulence  scattering  applied  to  the  standard  mesosphere-stratosphere- 
roposp  ere  MST  radars,  such  echoes  should  not  even  occur  on  th  usual  MST  radar 
0f  50  ”Hz  (e-9”  HOCKING,  1985).  Explanations  of  possible  scattering 
and  generation  mechanisms  are  outlined  in  a paper  by  ROTTGER  and  LA  HOZ  (1989). 

hoSrithre.-!  indications  of  very  narrow  spectral  features  which  could  not 
be  resolved  with  the  originally  applied  radar  program,  a new  high  resolution 

ThS  desi9ned,c^asin9  ^e  early  pulse  schemes  used  for  mesosphere 
studies.  This  program  (SP-EI-MESO-V)  allows  a spectral  resolution  of  0.42  Hz  In 

^ d HZ  reso,ut1on  of  the  other  applied  program  GEN-11.  It  also 

a Hi  turtle  fUd  Ba«e«  C?de  W1th  1-05  km  a1t1tude  resolution  and  covers  the 

aoJ  1e? to  ^ th  i t0  9°:°  km-  The  Pulse-to-Pulse  modulation  scheme  was 

fh«  1!  d the  0n9  coherence  times  of  these  echoes  and  to  resolve 

the  r corresponding  narrow  spectral  width.  Since  coherent  integration  was  not 

implemented  at  that  time,  a very  long  Interpulse  period  of  18.7  ms  had  to  be 

nrnfr  t ahtieVe.h  l0n9  6n0U9h  dSta  1nterval  (2-4  s)  with  128  data  points  In 
°^d®r  t0  obtain  the  necessary  resolution  of  0.42  Hz.  From  these  complex  data  the 

!!i!tlrre  fn0"  functions  (ACF)  were  computed  on-line,  and  two  ACFs  were  accu- 
mulated  and  dumped  every  5 seconds.  The  VHF  transmitter  was  operated  at  the  same 
peak  power  of  about  2 MW  as  during  the  GEN-11  operations.  Due  to  the  long  inter- 
pulse period,  however,  only  a low  duty  cycle  of  0.48X  resulted,  yielding  an 
average  power  of  96  kW.  The  full  antenna  of  40m  x 120m  aperture  was  used  with  a 
vertical  beam-  With  65%  antenna  aperture  efficiency,  the  peak  power-aperture 
product  was  6 x 109  Wm2 . Operation  with  this  particular  program  was  carried  out 
over  22  hours  on  5 days  In  the  first  half  of  July  1987. 
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Pnon-'l1near1tySUd1dV  2S? 
not  be  noticeable  in  the  present  analysis  procedure. 

=trrsr;M 

m ««  and  d.„dt. 

FINE-STRUCTURE  OF  DOPPLER  SPECTRA 

The  individual  spectrograms  shown  in  several  res  of ^TTGER^et ^al.  (1989) 

SSSt^*iw5 

km  in  Fig  1 that  the  PMSE  is'much  stronger  than  the  incoherent  scatter  back- 
ground in  the  D- region. 

El  SCAT  VHF  RADAR  (224  MHz) 
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narrowest  spectra,  which  were  found  so  far  in  PMSE  analyses. 
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£ I SCAT  VHF  Radar  9 July  1987  09:41:10  - 09:41:40  UT  z = 84.85  km 
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Fig.  3 Time  series  of  self-normalised  Doppler  spectra  with  time  reso- 
lution of  5 seconds.  The  number  in  the  boxes  gives  the  signal  plus 
noise  amplitude  in  dB,  which  was  used  to  normalise  the  spectra.  The 
spectra  show  the  normalised  linear  amplitudes. 


The  widest  spectral  width  observed  during  PMSfc  conditions,  namely  10-15  Hz  ic 

M Ln".r;X«r*?^e  V™  °VV00  H!  °f  an  scatt.r^.cho'fro^'.o- 

Fla  2 ihlSS’thi1  < 1S  prov®d  by  the  spectra  shown  on  the  left-hand  side  of 
g.  2.  Whereas  the  incoherent  scatter  spectra  are  of  Lorentzian  nr  raneeian 

also  means  that  the  structures  causing  the  PMSE  unlikely  fill  the  scatterina 
volume  homogeneously.  The  spiky  structure  of  the  spectra  can  be  regarded  to  be 
due  to  some  kind  of  amplitude  modulation  which  results  from  quickly  qrowlnq  and 

sh“,a ~ — - jis 


hocr  .Ikh  3hi6  fh°W  8 ser1es  spectra  deduced  from  single  data  dumps  with  the 
veils ^oteaa W iTtl?"*'0?  °t  5 Seconds-  We  clear1y  notlce  the  serrated 

oower'i^  orrtlr  nnr  r 6 SDeCtral  arnp11tudes  are  displayed  and  not  the  spectral 
power  in  order  not  to  suppress  the  wider  and  weak  winqs  of  the  SDectra  we 

statistical  Huctuati6  °f  Ih*  sp1kes  on  the  spectra  not  to  represent  the  normal 
a«nln^  n fluctuations  rather  than  to  be  of  some  deterministic  nature  This 

whirh  aro  b®  ®upported  by  the  displays  of  self-normalized  dynamic  spectra 

t^f  Lika!  «"f  T6S  4a/nd  4b'  TheS®  d1sp1ays  allow  to  trace  single  spec- 
t.  spikes  as  function  of  time  and  frequency.  At  84.85  km  we  for  instance 
notice  over  some  30  seconds  at  the  beginning  of  the  display  that  a single  ver! 
narrow  spike  dominated  the  spectrum,  which  later  splitted  up  into  two  or  a few 
spikes.  One  kilometer  higher  in  the  next  range  gate,  the  spectrum  was  split  f^ 
the  beginning  into  two  or  more  peaks  of  about  equal  amplitude,  in  this  ran^ 

theie^e  So°d1stincidrenrUC^r0  characterised  th«  spectrum.  This  means  that 

radially  with  slJISlv  lecbors1or/ery  narr°«  scattering  layers  which  moved 

radially  with  slightly  different  velocity.  The  velocity  difference  must  have 

brtnhrrT  fntly  W1th1n  several  ten  seconds,  resulting  in  a small  variation 
of  the  Doppler  frequency  of  the  spectral  spikes  which  even  could  loin  into  one 
narrow  spike.  This  then  results  in  some  kind  of  braided  structure  of  the  DoDDler 
spectrum.  The  total  amplitude  of  the  signal  in  the  corresponding  raOg l 2j  " 
shown  in  the  upper  panel  of  the  Figures  4a  and  4b  We  notice  that  thOrfi!  In 

Tel  0Ufeitu^l°0fOtfhthe  qU!te  v^iab1e  sl9na1  ^Plitude  with  the  described  fine- 

0n^0ePLC^^eaioIu^0?iai^^er1n9/ref1eCt1On  Cr°SS  S6Ct1°"  dld 


Ill 
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QftGWAL  PAGE  ES 

OF  POOR  QUALITY 


*"  * we  fhow  a more  r«cent  example  of  dynamic  spectra  which  were  obtained 

llutfinl  nVmt  rfda:  exper1ment'  In  ^e  right-hand  panels  we  agaTn  notlce  Jhe 

The  assumption  that  the  refractive  Index  structures,  which  cause  the  PMSE  ara 

If  siectra^fr^  ^ Spectra  d1sP1«yed  In  Fig.  6.  These  are  series 

snartr*  Hn  ♦.!  3*  adJacent  ran9«  9at«s  and  we  definitely  notice  very  narrow 

*hThlVl\the  centre  range  gate.  Whereas  these  spectra  are  fairly  persistent  at 
rana!6!  r T a iUdden  Jump  occurs  towards  the  end  of  the  display  The  lower 

«uIr!naHSerVed<  sh°rt-term  f1 ne-st ructure  would  be  smeared  out  when  spectra  are 

££ SS 

EISCAT  VHF  Radar  ( PMSE 88 ) i july  19fl8 


10:00 


10:15  UT  10:45 


11:00 


Fl9obLrv21IunoI1meJit?tCHr°9ram?  °f  PMSE  around  84  km  and  85  km 
coding  (see^detal Is 
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Fig.  6 Amplitude  of  Doppler  spectra 
of  3 altitude  gates  at  83.80,  84.85 
and  85.90  km  measured  with  10  s 
time  resolution  on  6 July  1987 
between  10:18  and  10:23  UT.  The 
noise  level  Is  subtracted  from  the 
displays.  It  Is  noticeable  that  the 
spectra  exhibit  completely  differ- 
ent characteristics  in  the  altitude 
gates  separated  by  only  1.05  km. 


^^aded^amlrirof^reflectlvlty  structure  could  sound  acceptable.  Some  slmpll 

jsrs.i-is  s r2oepos«"h.ch  r.,sTn;r™oi2”bic*Js 

seconds)  quasl-perlodlc  behaviour  of  Doppler  ®pect  originating  from  Fresnel 
focusslng/defocusslng  or  Interference  of  ray  paths  origin  g 1# 

reflection  from  different  locations  of  the  of  VHP  radar 

undulated  by  a wave  disturbance.  structures  In  the  reflectivity  profiles, 

SS  =LSS,S:iM  2;  ass-ed  to  be  consist.,  ultb 

nism.  In  the  paper  by  R0TTGER  and  LA  hoz  ^ ref Activity,  namely  the 

elect ror^dens i ty  volitions  and  which  Sill  be  needed  to  explain  the  described 
spectral  features. 

CONCLUSION 

We  have  discussed  In  this  paper  some  Regions  "or^vIS 

envisage  to  result  from  very  localize  refractive  Index  In  the  polar  summer 

partially  reflecting  structures  of  the  '"som  vertical 

mesosphere.  These  structures,  wh^cl?  , rQrruQated  or  split  Into  substructures 
and  horizontal  extent,  are  most  likely  9 analogy  with  lono- 

and,  thus,  cause  the  evident  Int.rmltt.ncy  of  the  "f „r  ^ 

some6poss1bleSgeophys1cal  mechanisms  which  could  generate  these  structures. 

Ac  k now 1 ed  geme  n t : 

The  EISCAT  Scientific  a^SER^lu^ted^Inp^r1.. 

rKn^r^Xsinrand1^:^  ce'naboratton  .Hb  the  EISCAT  staff  at 
the  Tromsd  site. 
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CHARACTERISTICS  OF  VHF  RADAR  ECHO  POWER  IN  THE  TAIWAN  AREA 

Y.  H.  Chu1,  T.  S.  Hsu1,  C.  H.  Liu2,  J.  K.  Chao1,  and  J.  Rouged 

department  of  Atmospheric  Physics,  National  Central  University  Chung-Li  Taiwan,  ROC 
department  of  Electrical  and  Computer  Engineering,  University  of  Illinois,  Urbana,  IL  61801 
3EISCAT  Scientific  Association,  Box  705,  Kiruna,  Sweden 

In  to  report  the  gradients  of  the  .JM-tad  by  M>  ““ 

the  Taiwan  area  are  analyzed.  The  definition  of  M is  (OTTERSEN,  )■ 


, p 31n@  15500  q „ 1 glnq/9z  .. 

M - -77.6  x 10-6  T(-gr-l  [1  +— r-^d  -I 


(1) 


dry  term  wet  term 

where  P is  the  atmospheric  pressure  (mb),  T is  the  temperature  (°K),  q is  the  specific  humidity  © 

tttn  the  example of  Figure  1,’in  which  the  solid,  dotted  and  dashed  curves  represent  the 
profiles  of  log  (M2),  wet  term,  and  dry  term,  respectively. 

From  the  echoing  theory  of  MST  radar  (GAGE  et  al.,  1985;  GAGE  and  BALSLEY, 
1980),  it  is  obvious  that  no  matter  what  the  echo  mechanism  is,  the  echo  powers  are  alw  y 

proportional  to  the  values  of  M2,  that  is 

(2) 


for  reflection:  Pr  = e2-Pt*Ae2-Ar*M2-F2(2k,z)  / (16-z2-*2) 
for  scattering:  Pr  = e2*0.69*>.1/3*PfAe*Ar*M2*Lo4/3  / (64*z2) 


(3) 


where  e is  the  efficiency  of  the  antenna  and  transmission  line,  Pr  is  the  received  echo  power,  Pt  is 
the  transmitted  power,  Ae  is  the  effective  antenna  area,  X is  the  wavelength,  Ar  is  the  range 

the  atmospheric  temperature  profile  as  suggested  by  GAGE  and  GREEN  (198/). 

It  seems  from  Figure  2 that  the  correlation  between  the  echo  power  and  M2  is  independent 

20  to  September  5 1986,  and  Figure  4 shows  the  scatter  diagrams  of  log(Pr*z  ) and  og(  ) 
“.days SnTto  .yplreon  invasion.  Nore  ,ha.  .he  cortela.ion  between  ,h«  echo  power  and  M2 


l«  II.JJ  I J KM  Mill  iu  t tfKUl 
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Figure  2.  The  scatter  diagrams  of  echo  power  and  M2  for  different  months'  data. 


Path  of  Typhoon 
WAYNE 


Figure  3.  The  path  of  typhoon  Wayne  passing  through  Taiwan  island  in  the  period  August  20  to 
September  5,  1986. 
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Figure  4.  The  scatter  diagrams  of  echo  power  and  M2  for  the  dates  during  the  typhoon  Wayne 
period. 
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are  pretty  good  and  the  slopes  of  the  regression  lines  are  between  0.3  to  0.7.  Whereas  Figure  5 
shows  the  correlation  between  the  echo  power  and  M2  in  a weather  condition  of  high  pressure 
system  coverage  over  the  Taiwan  area.  In  this  case  the  correlation  coefficients  are  still  high' 
however,  the  slopes  of  the  regression  lines  are  different  from  the  case  of  typhoon  Wayne  the 
values  of  the  former  arc  between  1.0  to  1.8.  Therefore,  it  can  be  concluded  that  different  weather 
conditions  correspond  to  different  slopes  of  the  regression  lines  of  echo  power  and  M2  As  a 
matter  of  fact,  this  result  can  be  inferred  theoretically  from  equations  (2)  and  (3).  For  the  echo 
mechanism  of  the  layer  reflection,  (2)  can  be  rewritten  as 

log(Pr»z2)  (dB)  = a log(M2)  + R (4) 

where  a is  the  slope  of  this  line  and  is  equal  to  1,  and  the  value  of  R is  dependent  on  the  radar 
parameters  only.  However,  for  the  echo  mechanism  of  the  turbulent  scattering,  the  result  is 
different.  According  to  the  theoretical  work  by  WEINSTOCK  (1978),  Lo  is  proportional  to  the 
potential  temperature  gradient,  that  is 


Lo4/3=c(dln0/dz)- 


(5) 


where  c is  the  proportional  constant.  Substituting  (5)  and  (1)  into  (3),  and  the  assumption  of  dry 
atmosphere  is  made,  (3)  can  be  rewritten  as 


log(Pr*z2)  = b log(M2)  + S 


(6) 


where  the  value  of  b will  be  0.5  and  the  magnitude  of  S is  dependent  on  the  radar  parameters  only. 
From  the  above  discussion  it  is  obvious  that  for  highly  disturbed  conditions,  for  example  during 
the  typhoon  period,  the  echo  mechanism  will  be  dominated  by  turbulent  scattering  and  the  slope  of 
the  regression  line  between  the  echo  power  and  M2  will  be  approximated  to  0.5.  However  for  a 
highly  stable  environment,  for  example  during  the  period  of  high  pressure  system  coverage  the 
echo  mechanism  of  the  layer  reflection  cannot  be  neglected  and  the  slope  of  that  will  be  close  to  1 . 
This  conclusion  has  been  confirmed  by  the  observations  shown  in  Figures  4 and  5. 

The  echo  power  profile  variations  of  the  Chung-Li  VHF  radar  during  the  period  of  typhoon 
hllen  are  also  studied.  Figure  6 is  the  trajectory  of  this  typhoon  passing  by  the  Taiwan  area  in  the 
tone  from  October  1 1 to  19,  1986,  and  Figure  7 is  the  echo  power  profiles  corresponding  to  the 
dates  before  and  after  typhoon  Ellen  passed  by.  The  upper  and  middle  panels  of  Figure  7 are  the 
echo  power  profiles  measured  with  obliquely  pointing  antenna  beams  (17°  zenith  angle)  toward 
east  and  north,  respectively,  and  the  lowest  panel  is  the  profiles  observed  by  vertically  pointing 
antenna  beams.  It  is  apparent  that  no  matter  what  the  pointing  direction  of  the  antenna  beam  is 
when  typhoon  Ellen  was  close  to  Taiwan  island  during  the  period  from  October  14  to  18  the 
maximum  detectable  altitude  where  the  Chung-Li  VHF  radar  can  reach  will  be  raised  up  gradually 
with  time,  as  shown  in  Figure  7,  marked  with  dashed  line.  However,  as  typhoon  Ellen  goes 
away,  the  maximum  detectable  altitude  will  be  lowered  again. 

In  summary,  the  echo  powers  measured  with  the  Chung-Li  VHF  radar  are  studied  The 
correlation  between  die  echo  power  and  the  gradient  of  the  generalized  potential  refractive  index  for 
one  month  s data  is  high,  and  correlation  coefficients  seem  to  have  no  monthly  variation.  After 
very  carefully  examining  the  relation  between  weather  conditions  and  the  slopes  of  the  regression 
line  of  the  echo  power  and  M2,  it  is  found  that  different  weather  conditions  are  responsible  for  the 
different  slopes  of  the  regression  line  of  the  echo  power  and  M2.  In  fact,  this  result  can  also  be 
predicted  theoretically  from  the  analysis  of  the  radar  equation.  The  echo  power  profiles  during  the 
typhoon  penod  are  also  analyzed.  The  results  show  that  the  maximum  height  where  the  Chung-Li 
VHF  radar  can  reach  will  be  higher  than  if  there  were  no  typhoon  nearby. 


119 


ORIGINS.  P 

OF  POOR  Q - : 


DTiTE.  i'JOD  9 9 DOTE:  1986  9 II 


Figure  5.  The  scatter  diagrams  of  echo  power  and  M2  for  the  weather  condition  of  high  pressure 
system  coverage  over  the  Taiwan  area. 


Figure  6.  The  path  of  typhoon  Ellen  nearby  Taiwan  island  in  the  period  October  1 1 to  19, 1986. 
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DATE 


7'ino^C  t!J?e  senes  of  64:1,0  power  profiles  measured  with  the  Chung-Li  VHF  radar  in 
986h  1116  uppe[and  rm.d^le  Panels  represent  the  echo  power  profiles  observed  by 
obliquely  pointing  antenna  beams  with  17  zenith  angle  toward  east  and  north,  respectively  and  the 
^ “ho  power  profiles  measured  with  vertically  pointing  beam.  The  period 
marked  by  the  dashed  Ime  is  the  time  of  typhoon  Ellen  nearby  Taiwan  island  as  shown  in  Figure  6. 
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ABSTRACT 

It  is  assumed  that  VHF  radar  echoes  consist  of  contributions  from  both  isotropic 
turbulences  and  anisotropic  irregularities.  Let  the  inphase  and  quadrature  components  of  the  radar 
echo  satisfy  the  central  limit  theorem,  and  their  phases  are  randomly  distributed  symmetrically  with 
respect  to  zero.  If  the  phase  and  the  amplitude  of  the  radar  echo  are  independent  and  uncoirelated 
to  each  other,  then  the  probability  density  function  of  the  amplitude  of  the  radar  echo  is  derived 
using  a theory  of  random  variables.  After  some  complicated  calculations,  the  Rayleigh 
distribution,  the  Rice  distribution  and  the  Hoyte  distribution  can  be  obtained  as  a special  limit  in 
each  case  of  the  derived  probability  density  function.  It  is  further  shown  thatthe  theoretical  value 
of  the  Nakagami  M parameter  of  the  radar  echo  can  be  derived  as  well.  The  magnitude  ot  M 
depends  on  the  average  value  of  the  radar  echo  from  the  anisotropic  irregulanues  ji,  and  its 
standard  deviation  o.  If  a*  = (V2  -l)p2  then  M = 1;  if  o2  > (V2  -Up2,  then  m < 1;  and  if  a2  < (V2 
-1)P2,  then  M > 1.  Therefore,  one  has  to  be  very  careful  when  the  Nakagami  M parameter  is  used 

to  distinguish  echo  mechanisms. 


INTRODUCTION 

From  the  observation  of  aspect  sensitivity,  it  is  realized  that  the  targets  of  the  VHF  radar 
existing  in  the  atmosphere  consist  of  isotropic  turbulences  and  anisotropic  refractive  index 
irregularities.  The  characteristics  of  the  former  are  straightforward;  however,  the  latter  are  very 
complicated  and  need  more  investigation.  There  are  many  modeled  echo  mechanisms  proposed  to 
explain  the  relation  between  structures  of  VHF  radar  targets  and  the  properties  of  VHF  radar  echo 
signals  For  example,  isotropic  turbulent  scattering  (BOOKER  and  GORDON,  1950);  anisotropic 
turbulent  scattering  (GAGE  and  BALSLEY,  1980;  DOVIAK  and  Zrnic  1984);  Fresnel  reflection 
(ROTTGER  and  LIU,  1978);  diffuse  reflection  (ROTTGER,  1980)  and  Fresnel  scattering  (GAGE 
et  al.,  1981)-  Different  echo  mechanisms  correspond  to  the  targets  which  cause  the  different 
returns  of  VHF  radar.  Therefore,  according  to  some  criteria,  it  is  possible  to  distinguish  the  echo 
mechanisms  from  the  analysis  of  the  VHF  radar  echo  signals.  Statistical  methods  have  been  used 
frequently  to  distinguish  the  VHF  radar  echo  mechanism  by  many  scientific  workers  (ROTTGER 
1980-  SHEEN  et  al.,  1985;  HOCKING,  1987;  KUO  et  al.,  1987).  Conventionally,  the  criteria  of 
the  statistical  method  are  such  that  if  the  probability  density  function  (pdf)  of  the  echo  amplitude  is 
Rayleigh  or  the  Nakagami  M parameter  is  equal  to  1,  the  echo  mechanism  will  be  isotropic 
turbulent’scattering;  if  the  pdf  of  the  amplitude  is  Rice,  or  the  M parameter  is  greater  than  1,  the 
echo  mechanism  can  be  considered  as  the  combination  of  partial  reflection  and  isotropic  turbulent 
scattering;  if  the  pdf  of  amplitude  is  Hoyte,  or  the  value  of  the  M parameter  is  less  than  1,  the  echo 
mechanism  will  be  diffuse  reflection  or  anisotropic  turbulent  scattering. 


In  this  paper,  we  shall  point  out  that  the  conventional  criteria  of  statistical  method  in  echo 
mechanism  discrimination  are  not  so  accurate,  and  the  relation  between  pdf  and  the  Nakagami  M 
parameter  of  VHF  radar  echo  signals  are  also  not  straightforward.  Under  some  assumptions,  the 
generalized  pdf  and  theoretical  Nakagami  M parameter  of  amplitude  for  VHF  radar  echo  signals 
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have  been  derived.  It  is  shown  that  the  special  cases  of  the  generalized  pfd  derived  in  this  paper 
and  the  values  of  the  Nakagami  M parameter  depend  on  both  the  mean  value  and  the  variance  of  the 
returns  from  anisotropic  irregularities. 

DERIVATION  OF  AMPLITUDE  PROBABILITY  DISTRIBUTION 

From  the  measurement  of  aspect  sensitivity  with  VHF  radar  it  is  reasonable  to  assume  that 
the  echoes  of  VHF  radar  are  composed  of  the  signals  from  isotropic  turbulent  scattering  and 
returns  from  anisotropic  irregularities.  If  the  echoing  processes  of  VHF  radar  are  considered  as 
stochastic  processes,  the  echo  signal  will  then  be  treated  as  the  random  variable.  Therefore,  the 
observed  echo  signal  can  be  represented  as  the  combination  of  two  random  variables,  one  is 
responsible  for  the  process  of  isotropic  scattering  and  the  other  corresponds  to  the  echoing  process 
of  anisotropic  irregularities,  that  is. 


^'obs  ^iso  + Eamso  ( 1 ) 

where  E means  random  variable.  Let  the  numerical  value  of  random  variable  E^  be  r,  hence 

r = A exp(i0)  = x + iy  = £ aj  exp(i«pj)  (2) 

where  A and  0 are  the  amplitude  and  the  phase  of  r,  x and  y are  the  inphase  and  quadrature 
components  of  the  observed  echo  signal,  respectively;  a;  and  <p:  are  the  amplitude  and  phase  of  the 
echo  signal  yielded  from  jth  target  in  the  radar  volume,  respectively.  Assume  that  (a)  the  statistical 
properties  of  x and  y satisfy  the  central  limit  theorem,  that  is,  the  pdf  of  x and  y can  be  described 
by  Gaussian  distribution  and  be  represented  as 

P(x)  = N(mx,  S2x)  (3) 

P(y)  = N(my,  S2y)  (4) 

where  mx  and  my  are  the  mean  value  of  x and  y,  Sx2  and  S 2 are  the  variance  of  x and  v 
respectively;  (b)  <pj  are  randomly  distributed  but  symmetrically  with  respect  to  zero;  (c)  a-  and  <p' 
are  independent  and  uncorrelated  to  each  other  (d)  the  pdf  of  random  variable  of  isotropic  scattering 
is  Rayleigh  distribution  with  variance  2S22,  (e)  the  mean  and  variance  of  random  variable  E., 
are  m and  S.f,  respectively.  After  tedious  and  complicated  calculation,  the  pdf  of  the  echo  sign$ 
amplitude  A is  b 


where 


o© 


v = 


I 


n=0 


and  P2n(*)  is  the  Legendre 


P(A)  = T • U • V 

(5) 

T = A/(SVS2  + Sa2  ) 

(6) 

U = exp(-A2/(2»S2)  - m2/(2«Sa2)) 

(7) 

1 ( ih2S4-A2*Sa4  y n ^ ( m S2  N 

n ''2-S2Sa2(S2+Say  P2n''  / — J- 

3 3 V m2S4-A2*Sa4 

sx2  = S2  + Sa2 

(8) 

(9) 

Sy=S 

(10) 

mx=  m 

function  of  the  first  kind. 

(11) 
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From  equation  (5)  to  equation  (8)  some  discussion  can  be  made  as  follows: 

(a)  For  the  condition  of  m = 0 but  Sa  * 0,  because 

P2n(o)  = (-l)n(l*3»5...(2n-l))/(2n*n!)  (12) 

and 

exp(x)Io(x)=  X (xn*  1*3*5. ,.(2n-l))/(n!)2  (13) 

n=0 

where  Iq(x)  is  the  modified  Bessel  function  of  the  zero  order,  in  this  case,  the  pdf  of  amplitude  wiU 
become 

P(A)  = T’,U,,V’  (I4) 

where 

T’  = A/(sVS2  + Sa2  ) (15) 

U’  = exp(-A2/(2*S2)  + A2Sa2/(4*S4  + 4S2-Sa2))  ( 1 6) 

V’  = I0(A2Sa2/(4*S4  + 4S2*Sa2))  (17) 

The  pdf  as  shown  in  equations  (14)  to  (17)  is  the  so-called  Hoyte  distribution,  or  M distribution, 

(b)  For  the  conditions  of  m = 0 and  Sa  — 0,  in  this  case  from  (14)  to  (17),  it  is  easy  to 
show  that  the  pdf  of  amplitude  will  be 

P(  A)  = A/S2  exp(-A2/(2*S2))  ( 1 8) 

This  is  the  exact  Rayleigh  distribution. 

(c)  For  the  conditions  of  m * 0 but  Sa  = 0,  after  tedious  and  complicated  calculation  the 
pdf  of  the  amplitude  will  be  obtained  as 

P(A)  = A/S2  exp(-(A2  + m2)(2*S2))I0(A*  m/S2)  (19) 

This  is  the  Redistribution.  The  curves  of  pdf  described  in  (4)  to  (7)  are  plotted  in  Figures  1 and 
2 for  different  m,  S and  Sa  values. 

DERIVATION  OF  THEORETICAL  NAKAGAMI M PARAMETER 

The  definition  of  the  Nakagami  M parameter  is 

M = <A2>2/(<A4>  - <A2>2)  (20) 

where  <*>  means  ensemble  average.  According  to  the  same  assumptions  as  mentioned  in  the  last 
section,  it  is  easy  to  evaluate  <A2>  and  <A4  > as  follows: 

<A2>  = 2*S2  + Sa2  + in2  (21) 

<A4>  = 8*S4  + m4  4 6*Sa2  m2  4 3*Sa4  4 8*S2Sa2  4 8*S2  m2  (22) 

Substituting  (21)  and  (22)  into  (20),  and  after  arrangement,  we  have 

M = 1 - 1/(1  +Q) 


(23) 


125 


where 


(24) 

2y 

The 


Q = (2«S2  + Sa2  + m2)2/((  *2  + Sa2)2  - 2-  rtt«) 

relationlf between  the  M paWer.  s/and  (V5-l>  m2  are  plotted  m Figure  3. 

SUMMARY 

From  the  previous  discussion,  it  is  apparent 

Rice,  and  Hoyte  distribution,  are  just  the  special J*  Nakagami  M parameter  and  the 
equations  (4)  to  (7)-  Also,  the  quantitative  relation  between  the  Nakagami  m. panune  ^ ^ 

‘ . . /■  * a rtTT?  tai-ermt  Clip 
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In  the  summer  of  1988  the  EISCAT  VHF  radar  nad*  ■ ...i.. 

‘s.  ~;r  H1F*’ 

r£ 

"L1 El SCAT  VHF  radar  observed  similar  strong  echoes  at  224MHz  fHonnw  It  ,7 

inferred  electron  concent  rat  lon^u  I d^e  uirea  I lit  "ca  1 1 1 arg“%he8  ‘ t'"* 
*ldth  of  the  scattered  signal  (0  5-15  Hz)  w«  I?II  !.  Ik  8 h®  8p6ctral 

,c‘"”  hi>  ■*  t 

subrange.  One  explanat ^ ^10^*8^1^001^1^1  hit f tie' Ichll**  vl3cous 

— ; -•’Sj'.rsss  In  Sa’lKS.-STRSr'S .•£ r « «• 

(SbeI!°  ’ll™  ™ m ^ I L * 'of  "°t  m " “”*°SPMr“ 

PMSE  layers  as  defined  b^the^lSCAT 'vH^di^8  ^ ma'n  charactsr  ,st of  the 
25th  STS  )Tr  ^'T  ^ 
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.««—  £r-s?ar;«.J3:,rS.«  csraa  »F 

radar  observations  were  made  covering  tne  a. x . woe  w 1989a)  wM<Jh 
N0w  complementary  coding  schemes  "iSo ?n  l^co^l^or to  allow  a complete 
used  coherent  Integration  an  Recorded  for  subsequent  post-processing 
time  series  of  complex  raw  data  to  be  recorded  ^ reso|utlon  {150  m) 

and  analysis.  These  programs  achieved  preliminary  analysis  of  the 
necessary  to  study  the  fine  ®^rm#d  to  give  one-minute  post Integrat Ions  of 
whole  dataset  has  been  ^ J'^ch  "ange  gate  for  each  experiment. 

ZTTrXtVZ*  22'Sld  tilloie.  a statistical  evaluation  of  the  PMSE 
layers  In  terms  of  their  height,  time  and  strength. 
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Times  of  mesospheric  observations 
VHF  radar  during  the  1988  PMSE  campaign. 
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* „hi/sh  the  vhf  radar  was  operated  during  the  PMSE  campaign  Is 
The  times  at  which  the  ’ VHF  radar  ob,arvat|on8  «ere  made  around 

Illustrated  In  Figure  1.  . Th  ,ra  times  of  the  day  when  no  data 

midday  with  relatively  fewer  at  nig  • diurnal  variation  of  PMSE  layers 

were  recorded  so  that  a complete  22-04  UT  the  data  are 

sK ,„rr,s«i.^,«uS;r;rT^  r ....  «.  -»<-  « 

"nighttime"  layers  can  be  Investigated. 

m or«r  to  in «-  i 'SlSi 

example  Is  shown  In  Figure  2.  The  w | t h 300  m 

proa, a.  ...  r“nnDr°Flour2  Plot  .ho.1".  »«• 

5^r5,{2,sjrsJ‘£ . «4ti-i5,raLr,«  - » r 

ssuii»"Sw"s  ;^i”J.yt”uti»p  -it" ««.  •*'«■*"  ■,n'n 

than  20  dB  above  the  background  noise  level. 

in  addition  to  the  strength  of  the  Returned  £ 

characterised  by  their  dynam  Cr1988)  wh0  suggest  that  fairly  small  and 
hypothesis  of  Rottger  et  ® [ t M , ^ ( n tha  scattering  volume  of 

localised  refractive  Index  structures  exist  w thin  xne  , voluma 

the  radar.  Such  structures  would  not  neces ssarlljM T["  and  very  narrow. 

homogeneously  as  they  convect  extent^would  be  produced.  This  feature  Is 

localised  structures  («  1 km  In  extent)  wou.a  p th  axtenslve> 

.P°>"  not  only  tnr  ° S’\™por.l  cMng..  .r.  «<t.n 

fin©  structure  within  th©  thicker  \*ye  minutes;  occasionally, 

r.r  'rioTs:-. 
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separate  structures,  which  later 
of  the  dynamic  features  In  PMSE  I 


merge  together  once  again.  Further 
ayers  are  discussed  by  La  Hoz  et  al. 
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Figure  2.  PMSE  layers  observed  on  July  1st  1988. 

(a)  Echo  power,  (b)  Echo  velocity. 

Is^on^ould^t  of  va,oclty  out8,d*  the  layers  themselves,  the 

above  the  background  noise  I ev?K "wa ve I ®ke  structwei  hTthe'echo  i®?®* it2  dB 
apparent  In  much  of  the  data.  Such  Suast-Ja MoJlc  vaMa  Ions  ' trl V ‘LT* 
eature  In  PMSE  .ayers  and  are  Indicative  of  ^ "nnuinci  o?  0rln y ^s 
(Williams  et  al..  1989).  When  such  sinusoidal  motion  Is  apparent  [here  is 
agreement  between  rapid  changes  In  the  height  of  the  laye?  (e  g li%j!i?20 
UT  at  82km)  and  the  corresponding  echo  velocity.  However  there  are  fiso 
occasions  e.g.  at  10  UT)  when  changes  In  the  width  or  hetjht  of  he  ?Iver  do 

'°nC  * w,th  chan8®s  m velocity,  it  Is  also  Interest  ng  to  note  t ha? 
although  the  velocities  vary  with  time,  the  velocity  profile  is 

themselves0*1  rar8'y  8h°WS  ^ 8am6  de°rM  °f  V9rt,ca'  8t^tur.  as  the  layers 


One  of  the  main  alms  of  a statistical  study  of  PMSE  lavars  was 
determine  the  heights  and  times  at  which  the  layers  are  most  I ikel!  ! 

thmfJPV  ! statistics  are  only  really  valid  between  09-17  and  22-04  UT 
the  two  periods  when  a suitable  number  of  observations  were  made  rwnn-* « ' 
p.cts  are  shown  for  each  of  eight  different he^hts ^ be?ween  81-Sm  w??h 
which8  thl  n0dhas  thoS8  wlth  ech0  strengths  greater  than  30  dB,  l.e  those  for 
:;,se  ,:iei. °Ch°  P0W8r  (8,flnal+n°l80)  ••  -re  than  30dB  above  ’the*  blc^d 


PERCENTAGE  OCCURRENCE  OF  P-M-S-E-  LAYERS  > 30dB 
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Flgura  3.  Plots  showing  the  percentage  occurrence  of  PMSE  echoes 
at  heights  between  81  and  88  km. 


Looking  first  at  the  dayt I me  observat Ions.  09-17  UT.  layers  are  most 
commonly  seen  at  84  km  with  over  50X  probability,  but  occur  with  more  than  40% 
probability  at  all  heights  between  83-85  km.  This  Is  In  agreement  with  the 
Idea  that  the  layers  are  closely  associated  with  the  very  cold  summer 
mesopause  which  Is  also  expected  to  occur  at  these  heights  (Phi * "'“Ice 
1984)  An  Interesting  feature  Is  shown  by  the  tendency  of  the  occurrence 
cH  st r I button  °to  peak"  at  about  12:30  UT  for  82.  83  -nd  84  km  whereas  he 
distribution  shows  a small  trough  at  the  same  time  for  86  87  and  88 
reflects  a slight  change  In  the  height  at  which  layers  tend  to  form  “round 
midday  I e.  layers  tend  to  form  at  greater  heights  before  and  after  midday 
than  y.t  Ita.lt.  Th„  ......  ,»  P.bb.b,,  *»  to  t,«l 

either  neutral  velocity  or.  more  likely,  temperature,  (Frltts  et  al.,  1988) 
but  the  observations  are  not  complete  enough  to  allow  a full  Investigation 
th©  diurnal  variations  of  PMSEs. 


Figure  3 shows  that  despite  the  24  hour  Illumination  of  the 
30  dB  layers  are  much  less  likely  to  be  seen  during  the  "'^“'*®  ' 
that  do  occur  are  found  at  heights  nearer  86  km.  Layers  of  15-20  dB  are  more 
freauent  and  occur  with  about  30%  probability  at  86  km.  The  observations  also 
show  a distinct  asymmetry  on  either  side  of  midnight;  there  th0 

dB  layers  between  22-24  UT  and  very  few  15  dB  layers,  butf romOO-04  UT  the 
occurrence  distributions  Indicate  a sharp  Increase.  Once  again  lack  of 
observations  (04-09  and  17-22  UT)  preclude  a complete  study,  but  layers 
certainly  more  common  post-mldnlght  rather  than  pre-mldnlght. 
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Tha  E I SCAT  PMSE  campaign  In  the  summer  of  1988  has  provided  an  extensive 
database  for  use  In  the  study  of  strong,  coherent  echoes  from  the  mesosphere 
The  data  has  shown  that  the  strength  of  PMSE  layers  Is  extremely  variable 
with  changes  In  height  over  a few  hundred  metres  and  changes  In  time  over  a 
few  minutes.  A statistical  survey  of  the  VHF  data  has  shown  that  the  layers 
occur  near  the  mesopause  with  over  50%  probability  around  midday  and  are  most 
Ikely  to  occur  at  a height  of  84  km.  Layers  show  evidence  of  tidal  activity 
In  their  tendency  to  form  at  slightly  lower  heights  at  12:30  UT  than  at  times 

°? inh!?!r hT'k*  °VM8’  Th°  lay°rs  ar®  weaker  n®ar  midnight,  and  tend  to  occur 
s lightly  higher  at  about  86  km;  an  asymmetry  Is  also  observed  with  layers  more 
likely  to  form  In  the  early  morning  hours. 
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ABSTRACT 

Frho  narameters  of  MST  radar  signals,  which  are  defined  as  the  ratio  between  the  layer 
reflection  contribution  and  the  volume  scattering  contribution  to  the  who  signals,  are  calculated  for 
SOUsTdata between  the  heights  of  1.8  km  and  7.2  km  at  two  different  time  periods  under 
different  dSfaS Conditions  8and  also  for  Chung-Li  data  from  both  verucal  and  obhque  team^ 
Statistics  ofecho  parameters  and  their  correlation  with  echo  power  are  analyzed.  The  results show 
that  the  radar  echo  signal  returned  in  the  oblique  beam  is  predominantly  from  turbulence  scattering 
SuSS  re^significant  contribution  from  the  layer's  reflection  in  the  vertical 
S S cross  correlation  analysis  between  the  time  series  of  echo  power  and  echo  param«cr 
we  conclude  that  the  variation  of  echo  power  is  controlled  by  the  variation  of  turbulence  strength  in 

the  atmosphere. 

1.  INTRODUCTION 

It  has  been  demonstrated  that  sensitive  MST  ratoon  be  used  to 

USSSS: BOwSSlISt?' v5JS3BK  al?1977^0TTGER  and  LRJ,  1978;  SHEEN 

fiSTS^SXtion  has  been  one  of  the  promising  parameters.  However  in  our 
previous  reportP(KUO  and  LIU,  1988)  of  the  X2  test  on  the  signal  statutes  it  was  included  *at, 
fka  firtine  of  the  echo  signal’s  quadrature  components  by  normal  dismbutionis  sigmri  an  y 

amplitudes  by  die  Nakagami  distribution.  2)  The  r^uimment 
of  stationaritv  conditions,  time  interval  of  the  dataset  had  better  be  shorter  than  2 minutes.  So,  i the 
^ho  parameter  y (KUO  et  al.,  1987)  calculated  from  the  signal’s  quadrature  components  should  be 
more  reliable  than  the  Nakagami  m coefficient 

In  this  report,  we  will  investigate  the  statistical  property  of  “b?P“^ter  obtained 
from  SOUSY  data  and  Chung-Li  data.  Its  implication  on  dynamics  will  be  discussed. 

2.  ECHO  PARAMETER  y AND  ECHO  POWER  P 

Let  the  field  E be  the  superposition  of  the  volume  scattering  fields  Es  and  the  layer's 
reflection  field  Ej,  i.e., 


E = Es  + Er  = X+  iY 
Es  = Xs  + iYs 
Er  = Xr  + iYr 
X = xr  + xs 
Y = Yr  + Ys 

where  Xs  and  Ys  are  the  quadrature  components  of  the  field. 


(1) 


132 


The  volume  scattered  field  is  characterized  by  its  stochasticity  and  isotropv  with  statistical 
properties  described  by  the  equations  (KUO  et  al.,  1987)  3 Py  m t 


< Xs  > = < Ys  > = < Xs  Ys  > = 0 

<Xs>  = <Ys>  = as 

PS  = <|ES|2>  = 2 al 


(2) 


where  angle  bracketsdenote  the  ensemble  average  and  P.  denotes  the  echo  power  contributed  from 
de!^ritedbyenng'  1716  3yer  S rcfleCtl0n  is  characterize<^  by its  coherency  Sith  statistical  property 


<Xr>  = K 

<Yr>  = p(„r) 


(3) 


< (Xr  - n£})2  > = < (Yr  - p(yr))2  > = 0 
<X2>=  (n«)2 
<Yr2>=  (n«)2 

Pr  = < I Ejl  2 > = (M-^))2  + (Hy))2 

^b“e.Pr  represents  the  contribution  of  the  layer's  reflection  to  echo  power.  In  addition  the 
scattering  signal  and  reflection  signal  are  uncorrelated  ’ 

< XjXs  > = < YrYs  > = 0 
so,  from  eqs  (1)  - (3)  we  obtain 

— n(r) 


Px  — < X > — < Xr  > = 

Hy  = <Y>  = <Yr>  = p« 

c^  = <(X-nx)2>a2 
2 

J.y,  - 


(4) 


s 


ay  = <(Y-pv)2>a2 


Then,  it  is  straightforward  to  see  that 
P = Pr  + Ps 

Since  the  echo  parameter  y is  defined  by  (KUO  et  al„  1987) 


(5) 


T-*- 

a 


the  square  of  y is  roughly  equal  to  the  ratio  between  the  reflection  power  and  the  scattering  power 

^ = (6) 
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3.  DATA  ANALYSIS 


Examples  of  Chung-Li  and  SOUSY  data  were  used 

”rtcXteSOT?YntotS2‘n  siing  System  (SOUSY)  VHF  mtor  of  kite 

SsOUSY  <tan  were  seleeied  for  analysis  on  the  basis  of  .heir  Siffnrencn  m 
environmental  conditions  (Table  1). 


Table  1. 

SOUSY  Data. 

Data  Set 

Start  time  (UT) 
Month  Day  Time 

End  Time  (UT) 
Month  Day  Time 

Time  Lasted 
(hours) 

T28 

May  31 

0407 

May 

31 

1025 

6.3 

T35 

June  2 

1300 

June 

2 

1925 

6.4 

Data  set  T28  was  taken  under  clear  sky  conditions,  while  set  T35  was  taken  during  a time  period 
when  a thunderstorm  was  developing  near  the  radar  site. 


^^=msm^sssss 

beams  5E£  iLfg^r^ 

ss-sss essssss 

oblique  beam  at  almost  every  height. 

irSSSS SHKSiSSfiK 

3B).  There  exists  sttong ^ence  tna  ^ ^ exist  in  many  height  ranges  as  shown  in  Figure 

• /c\  „n/4  Namelv  the  time  variation  of  echo  power  P is  dominated  oy 

S'  rS 

SEES? S SST “e"»rb„len=e  ac.ivi„,  hence  will mis.  ft.  -ho  power  «1 


134 


Figure  1.  Plots  of  the  echo  parameters  of  Chung-Li  data 
10%  of  the  data  are  not  included  in  this  figure. 


at  each  height  range,  the  upper  and  lower 


Figure  2.  Average  power  profiles  of  Chung-Li  data. 
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(A) 


(B) 


T ime 


Figure  3.  Time  variations  of  the  echo  power  and  echo  parameter  of  the  height  range  between  3.45 
km  and  3.60  km  of  the  SOUSY  data  sets  (A)  T28,  (B)  T35. 


■ LOGio  P 
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Figure  4.  Cross  correlation  coefficients  between  the  time  series  of  the  echo  power  P and  the  erhn 
parameter  y at  each  height  range.  ccno 


Figure  5.  The  averaged  power  profiles 
of  SOUSY  data  sets  T28  and  T35. 


Figure  6.  Height  dependence  of  the  averaged 
echo  parameters  of  SOUSY  data  sets  T28 
and  T35. 
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lower  the  echo  parameter.  Figure  5 reveals  that  in  the  height  ranges  between  3.15  km  and  4 5 km, 
the  mean  echo  power  of  T35  is  at  least  15  dB  higher  than  T28,  meanwhile,  Figure  6 shows  that  the 
corresponding  echo  parameter  of  T35  is  a factor  of  5 lower  than  T28.  This  result  is  in  agreement 
with  the  result  of  the  correlation  analysis.  For  height  ranges  higher  than  5 km  of  both  T28  and 
T35,  the  echo  parameter  y is  lower  than  0.1  on  the  average  (Figure  6),  the  echo  power  is  low 
(Figure  5)  and  the  correlation  coefficients  are  negligibly  small  (Figure  4).  So,  the  signal  statistics 
is  meaningful  only  when  its  echo  power  is  sigmficandy  strong. 

4.  SUMMARIZATION 

Our  data  analysis  proves  that  the  statistics  of  the  echo  parameter  based  on  the  signal’s 
quadrature  components  is  meaningful.  Echo  parameter  analysis  of  the  signals  returned  from  the 
vertical  and  oblique  beams  confirms  the  general  belief  that  signals  returned  from  the  oblique 
direction  contains  comparatively  little  contribution  from  the  layer's  reflection  . Cross  correlation 
analysis  of  echo  power  and  echo  parameter  suggest  that  the  variation  of  the  echo  power  is 
predominandy  controlled  by  the  variation  of  the  turbulence  strength  in  the  air.  By  combining  these 
two  reasonable  results,  it  is  fair  to  claim  that  the  echo  parameter  y has  delicate  physical  meaning 
contained  in  its  statistics. 
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ABSTRACT 

Ax2  test  was  made  on  VHF  radar  signal  statistics  by  the  presumed  theoretical 
distribution  function.  The  goodness  of  fitting  improves  as  the  time  intervals  of  the  sets 
under  test  are  shortened.  Thus,  the  nonstationarity  problem  in  signal  statistics  is  reduced  by 
shortening  the  data  sets.  Both  simulation  and  data  analysis  indicate  that  it  is  better  to  fit  the 
signal's  quadrature  components  by  normal  distribution  than  to  fit  the  signal's  amplitudes  by  the 
Nakagami  distribution.  As  far  as  parameterization  of  radar  echo  signals  is  concerned,  we 
suggest  that  it  is  better  to  use  the  signal's  quadrature  components  than  to  use  the  signal's 
amplitudes. 

1.  INTRODUCTION 

Signal  statistics  provide  important  information  about  scatterers.  One  of  the  promising 
theories  on  signal  statistics  is  the  Nakagami  theory  from  which  the  m coefficient  of  the 
amplitude  distribution  of  the  radar  echoes  can  be  computed.  It  is  expected  that  the  m 
coeffident  will  give  a rough  estimation  of  the  ratio  of  contributions  between  turbulence 
scattering  and  the  layer's  reflection.  But,  in  many  cases,  the  amplitude  distribution  of  radar 
echoes  fails  to  follow  the  Nakagami  distribution  (SHEEN  et  al.,  1985;  KUO  et  al.,  1987). 
Sheen  et  al.  explained  their  findings  as  due  to  the  focusing  and  defocusing  effects  of  the 
signals  returned  from  undulating  moving  layers;  Kuo  et  al.  summarized  their  results  as  due  to 
stochastic  effects  on  the  signal  generated  in  the  variable  process.  These  effects  make  the  signal 
statistics  nonstationary.  Naturally,  the  stationary  theory  such  as  the  Nakagami  distribution  is 
not  suitable  to  explain  the  nonstationary  data  set. 

In  order  to  have  accurate  signal  statistics,  we  may  either  derive  a nonstationary  theory 
to  fit  the  data  set,  or  make  the  data  set  as  stationary  as  possible  to  meet  the  assumption  of  the 
stationary  theory.  Because  the  Nakagami  distribution  is  so  easy  to  apply,  it  is  desirous  to  use 
the  stationary  data  set  for  analysis.  It  is  known  that  if  the  time  interval  of  the  data  set  is 
shorter,  its  data  statistics  will  be  more  stationary.  However,  if  the  time  interval  is  too  short 
(hence  the  total  number  of  counts  of  the  data  set  is  too  small),  its  statistics  will  also  become  too 
poor  to  be  meaningful.  Requirements  of  stationarity  put  an  upper  limit,  while  requirements  of 
meaningful  statistics  put  a lower  limit,  on  the  length  of  the  data  set.  Such  an  issue  will  be 
investigated  in  this  report. 

2.  STATISTICAL  MEANING  OF  THE  x2  TEST  ON  SIGNAL  DISTRIBUTION 

The  field  E = X + IY  of  the  radar  returned  signal  results  from  the  superposition  of  a 
coherent  component  (i.e.,  reflected  from  layer)  on  a scattered  component,  which  is  a sum  of 
the  fields  scattered  from  many  different  scattering  targets.  According  to  the  Central  Limit 
Theorem,  the  quadrature  components  X and  Y of  field  E asymptotically  approach  a normal 

distribution  (ISHIMARU,  1978;  KUO  et  al.,  1987),  and  the  amplitude  A = Vx2  + Y2  should 
approximately  follow  the  Nakagami  distribution,  i.e.. 
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P(A) 1 


nmj-cA2:^ 


exp(- 


m 


<A2> 


A2) 


where  r is  the  gamma  function  and  m is  the  Nakagami  coefficient  given  by 


<A2>2 

m ~ <(A2-  <A2>)^> 


The  conventional  method  of  judging  how  well  the  data  set  is  fitting  a theoretical 

distribution  function  is  the  so-called  x2  test,  or  g«xln«s-of-fit tesiCX2isa  ™«“ure  of 
discrepancy  between  the  histogram  of  the  data  set  and  the  theoretical  distribution  function 


X2  = 


(observed-expcctcd)2 

expected 


The  meaning  of  the  values  of  X2  is  rather  statistical  than  deterministic.  If  the  data  set  really 
comes  from  the  presumed  theoretical  distribution  function,  then  the  occurrence  probability  of  a 

X2  value  should  follow  the  x2  distribution 


f(x2)  = 


1 


2v/2r(v/2) 


e-X2/2(x2): 


where  v = k - Y is  the  degree  of  freedom,  y is  the  number  of  restrictions  imposed  on  the 
distribution  function.  For  practical  applications,  another  parameter,  called  the  P value,  is 

2 

referenced  as  the  probability  that  x2  ^ Xp>  i-e-> 


P = f f(x2)  dX2 
Xp 

0£P£  1 

The  variable  P is  an  alternative  measure  of  the  goodness-of-fit.  Equation  (1)  implies 


dP  = - f(Xp)  dX2 


(2) 


Aaain  the  meaning  of  the  P value  is  still  statistical,  not  deterministic.  If  the  data  set  truly 
comes  from  the  presumed  theoretical  distribution,  then  its  P value  must  follow  a distribution 
function  g(P)  such  that 


I g(P)  dP  i 


= lf(Xp)dX2l 


then 
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g(P)  = I f(Xp)  dx2/dP  I = 1 


So,  the  P value  is  uniformly  distributed  between  0 and  1.  If  there  is  only  one  data  set  it  will 
be  meaningless  to  make  a goodness-of-fit  test  because  even  if  the  data  set  truly  comes  from  the 
presumed  theoretical  distribution,  its  P value  has  equal  probability  to  be  anywhere  between  0 
and  1,  Only  when  we  have  many  data  sets  from  the  same  class,  the  goodness-of-fit  test  will 
become  meaningful  Namely,  if  there  exist  many  data  sets  with  their  P values  uniformly 
distributed  between  0 and  1,  then  we  can  assure  that  these  data  indeed  come  from  the  presumed 
theoretical  distribution.  v 


The  above  point  of  view  on  the  y}  test  can  be  better  understood  by  the  following 
simulations.  We  generate  200  data  sets  with  each  set  consisting  of  N elements,  [(xj,  y),  i = 
1,2,3,...N],  each  element  (xj,yj)  are  random  variates  of  Gaussian  distributions,  i.e.. 


Xi  € N(|ix,ox) 
yi  e N(|iy,ay) 

the  amplitude  of  each  element  is  given  by 


Ai  = -^x?  + y] 

These  data  sets  simulate  the  time  series  of  stationary  VHF  radar  echo  signals.  The  x and  y 
distributions  are  x2  tested  by  normal  distribution,  and  the  A distributions  are  x2  tested  by  the 

Nakagami  distribution  with  parameters  |ix,  ax,  Hy,  CTy  and  m determined  directly  from  each 
data  set.  Figure  1 presents  the  distributions  of  P values  of  each  200  data  sets  with  prescribed 
parameters  p.x,  <jx,  p.y,  ay  and  N.  We  can  see  that  the  P value  of  x2  test  on  the  x and  y 
distributions  consistendy  satisfy  uniform  distribution  between  0 and  1.  But  for  the  X2  test  on 
A distributions,  the  percentage  of  small  P values  (representing  bad  fit  to  the  Nakagami 
distribution)  is  slighdy  higher  than  expected  as  the  ratio  ctx/ov  between  the  variances  of  the 
quadrature  components  deviates  away  from  1,  we  see  that  the  rate  of  bad  fit  to  the  Nakagami 
distribution  increases  significantly.  The  Nakagami  theory  on  signal  statistics  is  acceptable  only 
when  the  variances  of  the  two  quadrature  components  are  approximately  equal. 

3.  X2  TEST  OF  VHF  RADAR  ECHOES 

cm  ,cvAuuCaPI!liCauti0n  °f  X2  test*  wc  have  “dy®*  ^ rad™  echo  signals  taken  by  the 
SOUSY  VHF  radar  between  2138  UT  May  30  and  0359  UT  May  31  of  1978.  The  data  under 
analysis  has  a time  resolution  of  1.03  seconds  and  a height  resolution  of  0.15  km  between  2 1 
km  and  7.2  km.  For  each  height  range  the  time  series  consists  of  22215  elements.  To  do  the 

X2  test,  the  time  series  of  each  height  range  is  divided  into  many  subsets  with  an  equal  number 
of  consecutive  elements.  Table  1 presents  the  choice  of  the  data  divisions. 

The  procedure  of  analysis  is  exactly  the  same  as  in  the  previous  simulation,  namely,  the 
histograms  of  the  quadrature  components  are  y}  tested  by  normal  distribution  while  the 
amplitude  distribution  of  the  signals  is  x2  tested  by  the  Nakagami  distribution.  Examples  of 
the  P values  of  each  subset  are  shown  in  Figure  2.  If  we  set  our  confidence  level  at  95%  then 
all  the  subsets  with  P values  less  than  0.05  are  regarded  as  unacceptable  by  the  presumed 
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Figure  1(a).  The  distribution  of  the  P values  of  the  y} test  of  the 

by  normal  distribution  function,  (a)  N = 256,  K = 16;  (B)  N - 128,  K - 1 1,  (C) 
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Figure  1(b).  The  distributions  of  the  P values  of  the  x2  test  of  the  simulated  amplitude 
distribution  by  the  Nakagami  distribution  function. 

(A)  fig  = Jiy  — 0;  Gx  = Gy  =1.0 

(B)  px  = 1.0;  |iy  = 0;  gx  = Gy  = 1.0 

(C)  10;^y  = 0;Gx  = Gy=1.0 

(D)  ^ = py  = 0;  gx  = 1.2;  Gy  = 1.0 

(E)  m = |iy  = 0;  Gx  = 1.5;  Gy  = 1.0 

(F)  lix  = Hy  = 0;  gx  = 2;  Gy  = 1.0 
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^;,hI^°Hlmp0rtant  E°lntS  Can  be  summanzed  from  Figure  2.  First,  as  the  time  period  of 
unifn^Hf^ri85®5’  thc^Jectlon  ratc  decreases,  and  the  P values  tend  more  and  more  to 
tZf  Tr^^^nVSeCOnfd’  [ejccnc\n  rate  of  ampUtude  distribution  is  always  higher  than 
l °f  thc.  quadrature  components.  The  first  point  proves  that  the 

nonstauonanty  of  the  signal  statistics  improves  by  shortening  the  time  interval  of  the  data  sets 
J r indicates  that  the  fitting  between  the  histogram  of  the  signal’s  quadrature 
components  and  normal  distribution  is  much  better  than  the  fitting  between  the  signal's 
amplitude  distribution  and  the  Nakagami  distribution.  g 


Table  1 


class 

# of  elements  N 
for  each  subset 

# of  subsets 

time  period  for 
each  subset  (min) 

A 

256 

86 

4.4 

B 

128 

173 

2.2 

C 

64 

347 

1.1 

F'gum  3 shows  the  rejection  rates  at  different  height  ranges.  It  is  natural  to  see  that  the 

h no.nstatl°nan,y  O"  die  signal  statistics  is  different  at  different  heights,  since  our 
atmosphere  is  far  from  uniform.  6 

4.  CONCLUSION 

r. nt_,  Y^.I2f|ar  ech<?  S18nals  returned  from  the  atmosphere  are  a stochastic  process.  The 

HkHh!,  ITSST  “IS  *?*  c^h  quadrature  component  of  the  signal  should  be  normally 
distnbuted,  and  the  amplitude  should  approximately  follow  the  Nakagami  distribution  The 

52~S?, by  wS  Y da?  suPP°rtS.this  «*«**  under  the  condition  tha™me Jer2 
SCtS  816  short  e,I}°^gh,t0,  ^ stationary.  But  analysis  also  indicates  that  the  Nakagami 
*s  "ot  as  weU  fmed  by‘hc  signal’s  amplitude,  as  normal  distribution  is  by  the 
signals  quadrature  components.  Therefore,  as  far  as  parameterization  of  echo  signal  is 
statistics  of  signal  s quadrature  components  is  more  reliable  than  the  amplitude's 

Problcm  of  signal  statistics  can  be  reduced  by  shortening  the  time 

°Kdaw  sets.  ^ •nany  cases  of  SOUSY  data,  stationarity  condition  indicates  that  the 
data  sets  should  not  be  longer  than  1 minute. 
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Figure  3.  Rejection  rate  (percentage  of  data  sets  with  P values  less  that  0.05)  of  (A)  X*  ‘«t  on 

the  quadrature  components  by  normal  X *CSt  00  * * ^ 

Nakagami  distribution  at  each  height  range  of  SOUSY  data 
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ABSTRACT 

In  this  paper,  the  echoes  of  meteor  trails  and  returns  of  mesospheric  intemittent 
• nhserved  bv  the  Chung-Li  radar  are  presented,  and  the  characteristics  of  meteor  trail 

the  lifetime  of  .he  observed  meieo,  bails  is  less  than  one 
second  and  the  altitude  range  where  they  occur  is  above  70  km  and  centered  at  about  88  km. 
During  the  periocNof  meteor  showers  Cygnus  and  Lyra,  the  occurrence  rate  of  meteor r«*  was 
from  3 5 events/hour  to  12.5  events/hour.  Additionally,  by  using  the  SAD  method,  the 
mesospheric  horizontal  wind  can  be  evaluated  from  the  returns  of  nnesosphenc  intermittent 
irregularities  The  magnitude  of  the  wind  speed  at  72  km  on  a special  observation  was  1 . m/  . 
The  scale  size  of  the  mesospheric  intermittent  structures  (or 

wind  speed  and  duration  of  these  intermittent  irregularities  is  about  300  to  400  meters.  I hese 
features  are  similar  to  the  results  of  other  observations. 

INTRODUCTION 

Originally,  the  Chung-Li  VHF  radar  was  designed  as  an  ST  radar  The  value  of  the  power 
aDerture  product  of  this  radar  is  only  about  10  WM  orders  of  magnitude  (the  characteristics  of  the 
radar  areUsted  in  Table  1).  Therefore  it  seemed  impossible  to  make  mesospheric  observations 
however  after  carefully  investigating  the  echo  signals  coming  from  mesospheric  heights,  we 
found  that  the  Chung-Li  VHF  radar  indeed  has  the  ability  to  make  mesospheric  observations.  In 
this  paper  we  shall  present  some  mesospheric  observation  results  made  recently,  including  t e 
statistical  Analysis  ofmeteor  trail  echoes  mid  an  estimation  of  mesospheric  mnds  from  the  returns 
of  refractive  index  irregularities  in  terms  of  the  spaced  antenna  dnft  (SAD)  method. 

RADAR  PARAMETERS  AND  OPERATION  MODE  FOR  MESOSPHERIC  OBSERVATIONS 

During  the  mesospheric  experiment,  the  radar  parameters  were  chosen  especi^ly;  otherwise 
there  would  have  been  no  returns  from  the  mesosphere.  In  this  study,  the  pulse  width  was  16  ps, 
and  the  interpulse  period  (IPP)  was  set  as  1000  (is.  The  peak  transmitted  power  for  each  module 
was  about  40  kW  (hence  the  total  average  power  was  only  2 kW).  The  coherent  integration  time 
was  0.25  s,  and  40  range  gates  were  taken  starting  at  3 km.  The  three  antenna  beams  all  pointed 
vertically  to  avoid  receiving  sidelobe  signals. 

There  were  seven  special  observations  used  for  this  study.  The  dates  and  duration  of  these 
observations  are  listed  in  Table  2,  and,  for  convenience,  each  observation  is  marked  with  a capital 
letter  It  must  be  noted  that  observation  A was  during  the  period  of  the  Cygnus  meteor  shower  and 
the  observations  from  C to  G were  during  the  period  of  the  Lyra  meteor  shower.  Therefore,  by 
using  these  data,  it  is  reasonable  to  infer  the  mesospheric  returns  coming  from i the  J 

irregularities  and  also  the  echoes  of  meteor  trails  can  be  studied  since  the  Chung-Li  VHF  radar  has 
the  ability  to’  receive  these  signals.  In  the  following  sections,  the  mesospheric  returns  observed 

from  refractive  index  irregularities,  will  be  presented  and  also  some 

preliminary  results  of  the  mesospheric  study  will  be  shown. 


Table  1.  The  Characteristics  of  the  Chung-Li  VHF  Radar. 


Location 

Frequency 

Wavelength 

Peak  transmitter  power 

(for  each  module) 

Pulse  width 
Maximum  duty  cycle 
Antenna 
Type 
HPBW 
Steerability 

Total  geometrical  area 


Chung-Li,  Taiwan  (25°N,  121°E) 
52.2  MHz 
5.77  m 

60  kW 
1 - 16  qs 
2% 

3 square  arrays  of  Yagi  (8x8) 

7° 

Vertical  and  North,  East,  South, 
West  with  17°  zenith  angle 
3x1600  m2 


Table  2.  The  Dates  and  Durations  of  the  Seven 
Spectral  Observations  Used  for  the  Mesospheric 
Study  With  the  Chung-Li  VHF  Radar. 


Date 

Time 

Remark 

A 

86/08/22 

1 1 3 2 12  4 4 

meteor 

shower 

B 

87/03/23 

1 2 4 0 ~ t 7 o 2 

C 

88/04/19 

1 4 2 0 - i 6 2 0 

meteor 

shower 

D 

88/04/20 

1 6 0 7 - 1 7 4 7 

E 

88/04/21 

1 5 2 0 - 1 6 3 7 

F 

88/04/22 

1 4 2 o - 1 6 2 4 

G 

88/04/23 

1 0 0 0 - it  4 0 
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OBSERVATIONS  OF  METEOR  TRAILS 

It  is  well  known  that  when  a meteor  falls  into  the  atmosphere  ionization  will  occur  because 
of  the  friction  effect  between  the  ambient  atmosphere  and  the  meteor  itself.  Therefore,  the  free 
electrons  existing  in  the  thermal  and  ionized  meteor  path  (or  trail)  will  change  the  properties  of  the 
atmospheric  refractive  index.  According  to  electromagnetic  wave  propagation  theory 
i.  ATARSKH  1961;  ISHIMARU,  1978),  variations  in  the  refractive  index  can  be  treated  as  raaar 
targets  and  will  scatter  or  reflect  incident  electromagnetic  waves,  depending  on  the  structure  of  the 
refractive  index  variations.  Figure  1 is  one  of  the  records  of  echo  signals  coming  from  meteor  trails 
during  the  period  of  the  Lyra  meteor  shower.  It  is  obvious  that  in  the  three  minutes  three  meteor 
event!  occurred  at  altitudes  69.3  km,  91  km,  and  98  km,  respectively.  The  lifetimes  of  meteor  trail 
signals  are  always  less  than  1 s (note  that  the  time  resolution  of  the  echo  signals  is  0.25  s);  this  can 
be  further  illustrated  from  Figure  2.  Because  meteor  trail  echoes  appear  not  only  as  spikes  in  the 
records  with  relative  low  time  resolution,  they  also  occur  in  all  three  channels  at  the  same  altitude 
and  time*  therefore,  it  is  easy  to  use  statistical  algorithms  to  pick  up  the  meteor  trail  signals  from  the 
background  noise.  After  collecting  many  correct  meteor  trail  events,  some  statistical  analyses  may 
be  made.  Figure  3 is  the  occurrence  rate  of  meteor  events  measured  with  the  Chung-Li  radar,  it  is 
clear  from  this  plot  that  during  the  period  of  the  Lyra  meteor  shower,  the  mean  occurrence  rate  ot 
meteor  events  is  about  7 per  hour,  however,  the  daily  variation  in  the  occurrence  rate  is  quite  large, 
and  during  non-meteor  shower  periods  the  occurrence  rate  is  relatively  low  (only  1.6  events/hour). 
Figure  4 is  a histogram  of  the  altitudes  where  meteor  trails  are  produced.  From  this  figure  we  can 
see  that  the  lowest  height  where  they  may  occur  is  70  km,  and  the  most  likely  altitude  of 
occurrence  is  about  90  km.  These  results  are  quite  agreeable  with  other  observations  (DAVIS, 
1965;  AVERY  et  al.,  1983;  WANG  et  al„  1988). 

MESOSPEHRIC  OBSERVATIONS 

Although  the  power-aperture  product  of  the  Chung-Li  VHF  radar  is  very  low  (only  about 
10  WM)  the  echoes  coming  from  some  mesospheric  refractive  index  irregularities  can  still  be 
observed  and  analyzed.  Figure  5 is  the  time  series  of  amplitude  variation  of  this  kind  of  echo 
signals  which  occurred  at  7 1 . 1 km.  From  this  record  it  is  apparent  that  there  are  five  mesospheric 
refractive  index  irregularities  passing  through  the  radar  volume,  and  the  duration  of  these 
irregularities  in  the  radar  volume  is  about  30  to  40  seconds.  The  dynamic  Doppler  spectra  of  these 
mesospheric  echo  signals  are  represented  in  Figure  6.  From  the  time  variation  of  mean  Doppler 
frequencies  and  the  consistency  of  the  Doppler  spectral  shapes,  it  is  reasonable  to  infer  that .the 
structure  of  these  refractive  index  irregularities  will  be  "patch-like"  or  blob-like  as  suggested  by 
ROTTGER  et  al  (1979).  As  for  the  horizontal  scale  sizes  of  these  irregularities,  they  will  be 
estimated  later.  In  general,  the  mean  echo  power  of  these  mesospheric  returns  are  larger  than  the 
background  noise  level  by  5 dB,  4 dB  and  2 dB  for  antennas  1,  2,  and  3,  respectively.  This  is 
shown  in  Figure  7 for  the  signals  of  antenna  1.  The  right  panels  in  Figure  7 are  the  averaged 
Doppler  spectra  corresponding  to  the  different  altitudes.  Because  the  Chung-Li  VHF  radar  has 
three  square  spaced  antennas  with  a pyramidal  arrangement  as  shown  in  Figure  8,  it  is  possible  to 
evaluate  the  mesospheric  mean  wind  in  terms  of  the  so-called  SAD  method.  Figure  9 is  the  cross 
correlation  function  of  the  echo  signals  which  have  been  smoothed  beforehand.  From  this  plot  it  is 
easy  to  determine  the  time  lags  between  each  pair  of  signals.  According  to  these  time  lags  and  the 
distances  of  the  spaced  antennas,  the  mean  wind  speed  and  the  duration  of  irregularities,  it  can  be 
estimated  that  the  horizontal  dimensions  of  the  patch-like  or  blob-like  irregularities  are  about  300  to 
400  meters. 


SUMMARY 

From  this  report,  it  is  confirmed  that  mesospheric  observations  can  be  made  using  the 
Chung-Li  VHF  radar.  Some  preliminary  results  have  been  presented. 
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Figure  1 . An  example  of  the  record  of  meteor  trail  returns. 
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Figure  2.  The  detailed  amplitude  variations  of  meteor  trail  returns. 
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OBSERVATION  CASE 

Figure  3,  The  occurrence  rate  of  meteor  trail  events  observed  at  the  Chung-Li  VHF  radar.  The 
date  and  period  for  each  observation  is  listed  in  Table  2. 


Figure  4.  The  histogram  of  the  altitudes  where  meteor  trail  echoes  have  occurred. 
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Figure  5.  The  records  of  the  amplitude  variations  of  the  echoes  coming  from  mesospheric 
refractive  index  irregularities. 


Figure  5 temporal  variation  of  the  Doppler  spectra  corresponding  to  the  data  as  shown  in 
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Figure  7.  The  echo  power  profile  (left  panel) 
and  the  corresponding  averaged  Doppler 
spectra  with  each  altitude  (right  panel)  for  the 
data  of  antenna  1 . 


A B z 45  m 
AC  i 


//////// 

//////// 


n H 


/ / / / 


//////////////// 
/ / / / /,/  / / / //  //  / / / 
//////////////// 
///////  / / //  //  //  / 


e 

E 


Figure  8.  The  configuration  of  the  Chung-Li 
VHF  radar  antenna  array.  The  short  lines 
represent  the  polarization  direction  of  the 
antenna  element. 


154 


Chung  LI  VHF  Radar  at  72  km 


Time  Lag  (sec| 


Figure  9.  The  cross  correlation  functions  between  different  echo  signals 
smoothed  beforehand  by  using  1 3 points  equal  weight  low  pass  filter. 


which  have  been 


Figure  10.  The  wind  speed  and  direction  estimated  from  the  data  as  shown  in  Figure  5 in  terms  of 
the  SAD  method. 
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VERTICALLY  PROPAGATING  FEATURES  IN  MF  RADAR  SIGNAL  STRENGTH 
G.E.  Meek  and  A.H.  Manson 

Institute  of  Space  and  Atmospheric  Studies 
University  of  Saskatchewan,  Saskatoon,  Canada 

Abstract:  Acquisition  of  professionally  designed  coherent  receivers  at  the 
Saskatoon  (52°N,  10?°W)  MF  radar  (2.219  MHz,  20  psec  pulse:  3 Km  resol- 
ution) allows  reliable  determination  of  signal  strength  height  and  time 
profiles.  The  height  variation  in  time  (5  min  resolution)  of  local  peaks 
in  the  signal-height  profiles  is  compared  with  similar  statistics  for 
vertical  Doppler  velocity,  horizonatal  wind,  wind  shear  etc.  An  apparent 
resolution  of  1 Km  is  obtained  from  the  3 Km  spaced  data  by  parabolic  fit, 

INTRODUCTION 

The  data  are  from  the  new  spaced  antenna  coherent  wind  system  described 
elsewhere  in  these  proceedings.  Horizontal  wind  and  pattern  parameters  (by 
•'Full  Correlation  Analysis”,  FCA),  ’’vertical"  Doppler  (from  the  mean  auto- 
correlation phase  slope  at  zero  lag)  and  angle  of  arrival  parameters  (not 
used  here)  are  available  with  5 win  resolution  - depending  on  noise  level 
and  success  or  otherwise  of  the  analyses. 

DATA 

For  each  5 min  record  in  a day,  local  peaks  in  height  profiles  of  the 
various  paramters  are  sought  when  data  exist  for  3 adjacent  heights.  A 
parabolic  fit  determines  the  height  to  1 Km  resolution.  All  peaks  are  used, 
regardless  of  their  "strength".  To  avoid  a painful  re-write  job,  an  exist- 
ing printer  display  format  was  used:  the  288  possible  times  are  squeezed 
into  256  boxes.  This  produces  a very  compact  format.  Figure  1 shows  21  days 
of  peak  signal  strength  data.  Vertical  tics  are  spaced  12  Km  (i  pixel/Km) , 
and  horizontal  tics  3 hr  apart  (approximately  1 pixel  per  5 min).  Interest- 
ing features  can  be  seen  in  the  upper  half  of  the  plot,  but  except  at  night 
these  have  an  additional  virtual  height  component  caused  by  changes  in 
underlying  ionization.  The  E-region  echo  is  an  obvious  case.  Thus  the  dis- 
cussion in  this  paper  will  be  restricted  to  the  lower  half  of  the  height 
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range  (below  94  Km). 

In  general  when  apparent  motions  are  seen,  they  are  downwards  at 
speeds  of  the  order  of  tidal  phase  propagation  (1-2  Kj/hr).  There  are  some 
upward  motions  as  well  (e.g.  day  226)  but  the  continuity  of  data  is  not 

as  good  - and  these  may  be  due  to  layers  forming  at  successively  greater 
heights. 

Non-tidal  causes,  such  as  changes  in  electron  density  ( N(h)  ) grad- 
ients due  to  solar  radiation  or  particle  influx  may  combine  with  short 
period  gravity  waves  or  turbulence  to  produce  slow  height  variations  of 
the  peak  signals.  For  this  reason,  specific  comparisons  with  features  in 
the  neutral  wind  are  of  necessity  somewhat  tentative,  and  purely  based  on 
similarity  of  height  and.  vertical  speed. 

DETAIL  FOR  TWO  SELECTED  DAYS 

Additional  parameters  are  shown  for  days  225  (Figure  2)  and  226 
(Figure  3).  The  signal  peaks  are  reproduced  from  Figure  1 along  with  the 
upward  Doppler  (VZ),  total  horizontal  speed  (VTR) , vertical  velocity  shear 
( VSHR=  magnitude  of  velocity  vector  difference),  northward  (VN),  eastward 
(VE),  southward  (-VN),  and  westward  (-VE)  wind  components,  and  fading  speed 

in  the  moving  diffraction  pattern  (-TC : that  is,  a peak  represents  local 
faster  fading). 

DISCUSSION 

Day  225  signal  (Figure  2)  shows  downward  motion  from  "85  to  79  Km  over 
the  last  5 hr  in  the  plot  (^  1 Km/hr).  This  occurs  approximately  3 Km  below 
the  height  of  a similar  feature  in  VTR  (the  total  wind  speed)  - although 
the  slope  is  smaller,  maybe  0.5  Km/hr.  On  other  summer  data  (not  shown) 
which  have  these  slowly  descending  "layers",  the  peak  signal  occurs  at  the 
same  height  or  just  below  the  peak  speed. 

A harmonic  analysis  of  48  hrs  of  data  (day  225-226  UT)  is  shown  in 
Figure  4.  The  diurnal  component  is  expected  to  be  inaccurate,  if  not  act- 
ually spurious,  below  -85  Km  because  of  the  reduced  data  at  night  for  these 
heights;  but  taking  it  at  face  value,  the  diurnal  tide  phase  slope  ( 16  Km 
vertical  wavelength  below  85  Km,  0.6  Km/hr)  seems  to  be  the  closest  to  the 
VTR  slope,  while  that  of  the  semi-diurnal  (36  Km  wavelength,  1.5  Km/hr) 
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is  close  to  the  signal  slope. 

The  VZ  parameter  shows  downward  phase  speeds  of  the  same  order,  but 
a vertical  wavelength  of  -12  Km.  The  height  velocity  shear,  VSHR,  shows  no 
upward/downward  propagation,  and  this  is  the  normal  finding  for  all  the 
(summer)  data  examined.  The  fading  speed  (-TC)  closely  reproduces  the  fea- 
tures seen  in  VTR.  (Over  the  long  term  these  latter  two  paramters  tend  to 
be  positively  correlated  in  the  FCA  used  on  the  spaced  antenna  data  anyway 
- it  is  not  known  whether  this  is  an  analysis  effect  or  a physical  re- 
lation: but  pattern  scales  - not  shown-  are  similarly  related  to  VTR  in 
the  coherent  FCA.) 

The  horizontal  wind  components  also  show  a -12  Km  vertical  wavelength, 
but  the  downward  speeds  vary  between  "propagating”  features. 

Day  226  shows  an  apparent  upward  motion  from  -70  to  82  Km  over  the 
last  9 hr,  although  it  is  difficult  to  be  certain  that  the  eye  is  not  being 
led  by  different  layers.  It  also  exhibits  some  wavelike  oscillations.  The 
lowest  VZ  trace  is  the  only  other  parameter  with  similar  upward  motion. 

Near  the  end  of  the  day,  the  VZ  traces  are  spaced  by  - 6 Km. 

CONCLUSIONS 

Quantitative  work  needs  to  be  done  to  explain  these  data.  For  ex- 
ample, non-linear  interaction  between  the  12  and  24  hr  components  can  pro- 
duce an  8 hr  component  with  a shorter  wavelength  than  either,  and  a 24  hr 
component  with  upward  phase  propagation  The  monthly  spectra  (not  shown) 
have  hints  of  an  8 hr  component  at  low  heights  with  a clear  peak  at  E-reg- 
ion. Another  complication  my  be  multiple  tidal  modes  caused  by  interaction 
with  the  48  hr  components,  which  is  the  strongest  of  the  three.  The  sudden 
height  changes  in  the  24  hr  amplitude  and  phase  indicate  the  presence  of 
several  modes.  However  it  is  not  clear  why  signal  strength  would  react  to 
a single  tidal  component  of  the  wind,  and  not  the  total  speed  or  shear. 

The  VZ,  on  the  other  hand,  is  liable  to  be  greater  for  shorter  wave 
motions,  and  these  traces  might  be  explained  by  the  presence  of  an  8 hr, 
or  less,  wave,  although  their  slope  suggests  much  longer  periods. 

These  connections  are  all  very  tentative  because  influence  on  the 
signal  by  N(h)  gradients  was  not  considered. 
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SEMI-DIURNAL  VARIATIONS  IN  THE  TIME  SCALE  OF 
TURBULENCE- LIKE  IRREGULARITIES  NEAR  THE  ANTARCTIC 
SUMMER  MESOPAUSE 

G.J.  Fraser  and  Usman  Khan 


Physics  Department, 

University  of  Canterbury,  Christchurch  1,  New  Zealand 


ABSTRACT 

Measurements  from  the  MF  SA-mode  radar  at  Scott  Base  (78S,  167E)  include 
an  estimate  of  the  autocorrelation  time  scale  (T0  5)  of  the  scatterers,  corrected  for 
advection  by  the  mean  wind.  Summer  observations  (December  1983)  show  a semi- 
diurnal variation  of  T05.  At  heights  of  87  to  95  km  the  minimum  values  of  T0  5 occur 
when  the  zonal  component  of  the  semi-diurnal  tide  is  at  its  westward  maximum.  If 
it  is  assumed  that  decreasing  values  of  T0.s  are  associated  with  increasing  turbulence 
then  these  results  are  consistent  with  those  of  BALSLEY  et  al.  (1983)  who  found  that 
enhanced  turbulence  is  generated  in  summer  by  low-frequency  gravity  waves  and  tidal 
components  above  the  polar  mesopause. 

INTRODUCTION 

Since  HOUGHTON  (1978)  pointed  out  the  importance  of  gravity  waves  in  the 
overall  transport  of  heat  and  momentum  in  the  middle  atmosphere  there  have  been 
a number  of  theoretical  and  modelling  studies  of  the  way  in  which  gravity  waves  in- 
fluence the  large-scale  circulation.  There  have  also  been  observational  studies,  some 
on  quite  small  time  and  space  scales,  of  gravity  wave  breaking.  FRITTS  et  al.  (1988) 
observed  gravity  wave  breaking  at  one  site  (Poker  Flat),  with  a time  resolution  of  15 
minutes,  on  two  days  in  summer.  Their  study  supported  previous  work  at  the  same 
site  by  BALSLEY  et  al.  (1983)  who  concluded  from  22  months’  observations  that 
their  radar  echoes  from  the  Arctic  summer  mesosphere  and  lower  thermosphere  were 
mainly  produced  by  unstable  low  (comparable  with  tidal)  frequency  gravity  waves. 

The  observations  discussed  below  are  also  from  the  high-latitude  summer  mesosphere 
and  lower  thermosphere,  but  from  the  Antarctic  and  on  a time  scale  of  one  month. 

OBSERVATIONS 

The  full  correlation  analysis  (e.g.  BRIGGS,  1984)  of  observations  from  SA  mode 
radars  estimates  a parameter,  T0.5,  which  is  the  time  scale  of  random  changes  in  the 
echoes  after  removing  fluctuations  due  to  advection  of  the  scattering  volume  through 
the  radar  beam.  There  is  a simple  relationship  between  T0.s  (measured  with  a co- 
herent  radar)  and  turbulence  parameters  such  as  the  energy  dissipation  rate,  if  the 
scattering  volume  is  filled  with  isotropic  turbulence.  However  factors  such  as  the 
anisotropic  nature  of  atmospheric  irregularities  and  the  finite  radar  beam  width  ne- 
cessitate caution  (HOCKING,  1983)  in  using  T0  5 as  a quantitative  measure  of  atmo- 
spheric  turbulence. 
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The  Scott  Base  observations  discussed  here  were  made  with  incoherent  radar  re- 
ceivers. Consequently  the  receiver  output  spectrum  is  not  the  linear  superposition  of 
the  Doppler-shifted  signals  from  individual  scatterers  but  is  the  result  of  mtermodula- 
tion  between  the  individual  Doppler  signals.  This  results  in  a broadening  of  the  power 
spectrum  and  a narrowing  of  its  Fourier  transform,  the  autocorrelation  function. 

Notwithstanding  the  above  limitations  it  is  reasonable  to  assume  that  an  increase 
in  atmospheric  turbulence  results  in  a decrease  in  the  value  of  T0.s  calculated  from 
incoherent  receiver  data. 

In  a preliminary  investigation  KHAN  (1988)  found  a semi-diurnal  variation  of 
To  5 in  observations  from  the  prototype  MF  SA-mode  radar  (on  a wavelength  o 
100  m)  at  Scott  Base  (78S).  Details  of  the  radar  and  its  successor  have  been  given 
by  FRASER  (1988).  Further  analysis  showed  that  this  semi-diurnal  variation  is  most 
apparent  in  summer  and  the  observations  for  December  1983  presented  below  show 
that  there  is  a close  relationship  between  T0.s  and  the  semi-diurnal  tide. 

Observations  of  the  zonal  and  meridional  wind  components  and  of  T0  s for  the 
whole  month  were  sorted  into  24  one-hourly  intervals.  Planetary  and  gravity  wave 
contributions  thus  appear  as  a random  variation  about  the  24  one-hourly  means. 
These  monthly  mean  diurnal  variations  for  an  altitude  of  95  km  are  shown  in  Figure 
1 It  can  be  seen  that  decreasing  values  of  T0.»  occur  when  the  zonal  wind  component 
has  its  maximum  westward  excursion.  The  intensity  of  turbulence  is  thus  a maximum 
with  a maximum  westward  wind  but  a minimum  with  a maximum  eastward  wind  of 
compaxable  speed. 


MONTHLY  MEAN  DIURNAL  VARIATION 
SCOTT  BASE  DtCEWE*  19*3  «-0  W 


Figure  1(a).  Mean  diurnal  variation  in  T0.s  at  Scott 

Base  (78S)  for  December  1983.  The  standard  deviation 
is  0.5s.  (b)  Mean  diurnal  variation  in  zonal  (U)  and 
meridional  (V)  wind  components.  The  sample  standard 
deviation  of  each  point,  due  to  non-tidal  (planetary 
and  gravity  wave)  components  is  20  ms  . The 
mean  winds  are  included  (17  = — 6.1  ms  , 

V = + 7.6  ms-1). 
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DISCUSSION 

In  their  observations  of  gravity  wave  saturation  FRITTS  ti  al.  (1988)  found  that 
maximum  turbulence  occurred  at  heights  where  the  temperature  gradient  was  most 
negative  and  where  the  perturbation  velocity  was  in  the  direction  of  wave  propaga- 
tion. The  Scott  Base  results  therefore  suggest  that  the  source  of  instability  is  a west- 
ward travelling  gravity  wave.  The  direction  of  propagation  and  the  periodicity  of  ~12 
hours  imply  that  the  source  is  the  semi-diurnal  tide. 

Figure  2 shows  the  phase  and  amplitude  of  the  zonal  and  meridional  semi-diurnal 
tidal  components  together  with  the  zonal  and  meridional  mean  winds.  There  were 
only  data  for  9 or  less  of  the  hourly  intervals  below  83  km  so  that  the  tidal  compo- 
nents could  not  be  calculated.  There  were  16  hours  of  data  at  83  km  and  23  or  24 
hours  of  data  at  85  km  and  above.  The  model  results  of  FORBES  and  GILLETTE 
(1982)  in  Figure  3(a)  show  a similar  amplitude  structure,  a similar  vertical  wave- 
length (25-30  km)  above  90  km  and  also  a phase  discontinuity  at  85-90  km.  There 
is  however  a phase  difference  of  about  3 hours  in  the  zonal  component  between  the 
model  and  the  observations. 


Figure  2.  Mean  zonal  and  meridional  winds,  and  semi- 
diurnal tide  at  Scott  Base  for  December  1983. 

The  phase  slope  between  89  and  97  km  corresponds 
to  a vertical  wavelength  of  30  km. 


Figure  3.  Model  results  from  FORBES  and  GILLETTE 
(1982)  for  the  semi-diurnal  (a)  and  diurnal 
(b)  tides. 
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SCOTT  BASE  1983  DEC  1-31 


1 2-h  component 

Pha®« 


circles  indicate  the  time  of  maximum  T0.s  and  the 
filled  circles  are  the  phases  of  the  semi-diurnal  zonal 
tide  from  Figure  2. 

Figure  4 shows  a “tidal”  plot  for  T05-  The  phase  of  the  zonal  semi-diurnal  tide 
from  Figure  2 is  also  included.  The  relationship  between  To.s  and  the  zonal  wind 
at  95  km,  shown  in  Figure  1,  is  apparent  at  all  heights  between  87  and  95  km  (it 
should  be  noted  that  the  effective  transmitter  pulse  width  is  6 km  FWHP).  The  tidal 
phases  are  times  of  maximum  positive  excursion  so  the  closeness  of  the  T0.s  phase 
and  the  zonal  phase  confirms  that  a maximum  eastward  zonal  component  is  associ- 
ated with  a maximum  in  T0.s  and  a corresponding  minimum  in  the  amount  of  turbu- 
lence. Assuming  that  the  tidal  phase  discontinuity  between  85  and  90  km  indicates 
the  mesopause,  the  Scott  Base  observations  are  in  good  agreement  with  those  from 
Poker  Flat  (BALSLEY  et  ai,  1983;  FRITTS  et  ai,  1988).  Both  Arctic  and  Antarc- 
tic observations  suggest  that  turbulence  is  induced  by  low-frequency  gravity  waves  or 
tides  near  and  above  the  polar  summer  mesopause. 

Figure  5 is  a similar  comparison  for  the  diurnal  component.  There  is  not  the  sim- 
ilarity between  the  variations  of  the  zonal  diurnal  tide  and  To.s  a®  t^lere  is 
semi-diurnal  tide.  The  diurnal  wind  amplitude  is  comparable  with  the  semi-diurnal 
amplitude  but  both  the  observed  and  modelled  (Figure  2b)  diurnal  phase  gradients 
show  an  evanescent  mode.  There  is  some  structure  in  the  T0.s  “tide”,  although  the 
non-linearity  of  wave  breaking  and  the  indirect  relationship  between  T0.s  and  turbu- 
lence may  lead  to  some  interaction  between  the  12-  and  24-hour  components. 
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Figure  5.  The  diurnal  tide  (a)  and  24-hour  component  in 
To. 5 (b).  The  open  circles  in  (b)  are  the  time  of 
maximum  To. 5 and  the  filled  circles  are  the  phases 
of  the  diurnal  zonal  tide  from  (a). 

CONCLUSIONS 

The  observations  from  Scott  Base  in  December  1983  show  the  existence  of  turbu- 
lence near  and  above  the  polar  summer  mesosphere  similar  to  that  observed  at  Poker 
Flat.  Increased  turbulence  is  frequency  detected  by  the  increased  scattering  of  radar 
signals,  as  in  the  observations  of  BALSLEY  et  al.,  (1983).  Further  work  is  planned  to 
compare  the  scattered  signal  power  with  the  winds  and  T05,  and  to  study  the  transi- 
tion  to  and  from  solstice  conditions. 
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ABSTRACT 

During  a campaign  to  study  polar  mesosphere  summer  echoes  (PMSE-88)  the  EISCAT 

dRF  and  VHF  radarS  and  the  CUPRI  VHF  radar  were  operated  in  TromsS  In  summer 
1988.  For  the  first  time  the  EISCAT  UHF  radar  detected  coherent  echoes  from  the 
mesosphere.  Their  relation  to  the  echoes  recorded  simultaneously  with  the  CUPRI 
radar  Is  studied  and  some  possible  origins  of  the  scattering  process  of  the 
polar  mesosphere  summer  echoes  observed  at  49.9  MHz  and  933  MHz  are  outlined. 

INTRODUCTION 

A special  campaign  for  studying  polar  mesosphere  summer  echoes  (PMSE)  was  car- 
ried out  In  summer  1988  in  Tromso/Norway.  The  EISCAT  UHF  (933  MHz)  and  VHF  (224 
MHz)  radars  and  the  CUPRI  (46.9  MHz)  radar  were  operated  at  the  same  site  to 
allow  multi-frequency  studies  of  the  same  atmospheric  volume  at  the  same  time. 

In  addition  to  first  direct  comparisons  of  simultaneous  VHF  and  UHF  radar 
observations  of  the  summer  polar  mesosphere  we  present  here  the  first  observa- 
tions of  polar  mesosphere  summer  echoes  (PMSE)  at  the  UHF  frequency  933  MHz, 
which  cannot  be  due  to  conventional  incoherent  scatter.  Polar  mesosphere  summer- 
echoes  are  usually  observed  by  VHF  radars  (Ecklund  and  Balsley,  1981,  Czechowsky 
et  al.,  1985,  Hoppe  et  al.,  1988)  and  are  due  to  backscatter  or  partial  reflec- 
tion from  fluctuations  or  gradients  of  the  radio  refractive  index  in  the  meso- 
sphere. The  mechanism  which  generates  the  necessary  variations  of  the  refractive 
index  is  so  far  not  established.  These  PMSE  are  usually  orders  of  magnitude 
stronger  and  have  a much  longer  coherence  time  than  the  incoherent  scatter 
echoes  from  the  D-region  of  the  ionosphere.  We  will  use  here  the  term  coherent 
echoes  for  echoes  which  have  a much  longer  coherence  time  than  the  incoherent 
scatter  echoes.  The  coherent  echoes  thus  can  only  be  suitably  analyzed  by  means 
of  data  taking  in  the  pulse-to-pulse  radar  operation  mode  (e.g.,  ROttger,  1989). 

The  observations  of  PMSE  at  933  MHz  are  compared  with  simultaneous  46.9  MHz 
observations,  where  the  Incoherent  scatter  echo  is  negligibly  weak.  The  coherent 
933-MHz  echoes  occur  around  85  km  altitude  and  were  more  than  an  order  of  magni- 
tude stronger  than  the  concurrently  existing  incoherent  scatter  echoes.  The 
spectra  of  PMSE  are  much  narrower  than  those  of  the  latter.  The  933-MHz  PMSE 
occurred  in  short  bursts  of  maximum  several  minutes  duration  and  were  related  to 
simultaneous  increases  of  the  46.9-MHz  echo  strength.  It  is  noted  that  these 
observations  were  during  a magnetic  storm  when  auroral  particle  precipitation 
enhanced  the  D- region  electron  density.  It  is  also  noted  that  wavelike  vertical 
velocity  variations  with  amplitudes  above  10  m/s  were  observed  around  times  when 
strong  PMSE  occurred  at  both  46.9  MHz  and  933  MHz.  It  is  likely  that  the  strong 
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enhancements  of  PMSE,  which  usually  are  detected  by  VHF  radars  and  now  were  seen 
also  at  UHF,  are  related  to  strong  vertical  updrafts,  but  additionally  need 
large  electron  density  and  gradients  to  create  the  enhanced  echo  strength. 

We  recognize  that  the  933  MHz  echoes,  like  the  46.9  MHz  echoes,  are  not  caused 
by  incoherent  scatter.  We  have  to  invoke  other  mechanisms,  such  as  for  instance 
turbulence-induced  scatter  by  extension  of  the  electron  gas  inertial  subrange  in 
the  presence  of  cluster  ions  as  suggested  by  Kelley  et  al.  (1987).  We  argue  that 
also  strongly  enhanced  electron  density  gradients  with  unusually  short  scale 
lengths  caused  by  small-scale  patching  of  heavy  cluster  ions  or  some  yet  unknown 
instabi  lity  mechanism  can  be  responsible  for  the  strong  polar  mesosphere  summer 
echoes  (PMSE). 

EXPERIMENTS 

The  EISCAT  UHF  radar  was  operated  for  some  periods  during  the  campaign  PMSE- 
88,  which  was  carried  out  in  Tromso/Norway  between  25  June  and  8 August  1988  to 
study  particular  features  of  PMSE.  This  radar  operates  In  the  933-MHz  band  with 
a pulse  peak  power  of  about  1.5  MW  and  a parabolic  dish  antenna  with  48  dB  gain, 
corresponding  to  a half-power  beam  width  of  0.6  degree.  The  standard  EISCAT  D- 
region  incoherent  scatter  program  GEN-11  was  applied  (Turunen,  1986)  and  the  UHF 
system  was  operated  in  the  monostatic  mode  with  the  antenna  direction  fixed  to 
the  vertical  direction.  This  program  applies  a special  pulse-to-pulse  modulation 
scheme  with  a 13-baud  Barker  code  and  1.05  km  range  resolution.  Autocorrelation 
functions  with  22  lags  and  2.222  ms  lag  spacing  are  computed  on-line  and  after 
integration  over  10  sec  dumped  to  tape.  The  peak  power-aperture  product  of  the 
EISCAT  UHF  radar  in  the  GEN- 11  mode  is  estimated  to  be  9-10*  W-m*.  An  introduc- 
tory description  of  the  EISCAT  UHF  radar  system  applied  in  MST  radar  investiga- 
tions  can  be  found  In  Rottger  et  al.  (1983). 

The  Cornell  University  Portable  Radar  Interferometer  CUPRI  (Providakes  et  al., 
1983)  was  brought  to  Tromso  for  the  PMSE-88  campaign  and  operated  at  46.9  MHz. 
A 50m  by  50m  coaxial  col  linear  (coco)  antenna  array  was  used  for  transmission 
and  reception  in  the  vertical  beam  mode.  Additionally  a N-S  and  a W-E  baseline 
interferometer  receiving  antenna  system  consisting  2 sets  of  4 Yagis  were  set 
up.  The  standard  mode  of  CUPRI  was  to  operate  with  the  full  coco  antenna  and  a 
10  ps  pulse  length,  corresponding  to  1.5  km  altitude  resolution.  The  peak  power- 
aperture  product  of  the  CUPRI  system  in  Tromso  Is  estimated  to  be  3.5- 107  W-m2. 
The  operation  of  the  CUPRI  system  was  frequently  simultaneous  with  the  EISCAT 
224-MHz  operation.  These  comparisons  as  well  as  the  interferometer  results  will 
be  published  elsewhere.  Here  we  will  describe  results  from  a simultaneous  opera- 
tion of  CUPRI  and  the  EISCAT  UHF  radar,  since  they  show  for  the  first  time  polar 
mesosphere  summer  echoes  at  933  MHz,  which  occurred  simultaneously  with  46.9-MHz 
echoes  recorded  by  CUPRI. 

OBSERVATIONS 

In  Fig.  1 we  show  so-called  RTgraph  (real-time-graphics)  plots  of  the  EISCAT 
UHF  radar  operation,  recorded  close  to  local  midnight  on  1 July  1988.  In  these 
graphs  the  estimate  of  signal  power  is  displayed  as  function  of  range.  At  22:57 
UT  the  power  profile  just  shows  the  usual  increase  due  to  increase  of  the  inco- 
herent backscatter  power  in  the  D-region.  We  already  had  noticed  earlier  during 
that  evening  some  hints  of  a notch  in  the  profile  and  sometimes  even  a very 
small  increase  in  echo  power  around  85  km  altitude.  At  22:58  UT  suddenly  a sig 
nificant  increase  in  signal  power  in  the  altitude  gate  85.75  km  occurred,  and  we 
were  able  to  detect  similar  or  even  much  stronger  events  of  this  kind  in  the 
following  hours.  The  D-region  ionization  was  fairly  enhanced  during  the  observ 
ing  period  due  to  strong  particle  precipitation  which  occurred  during  an  ongoing 
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EISCAT  UHF  RADAR  1 JULY  1988 


Figure  i.  Real-time  power  profile  displays  of  echoes  from  the  O-region 
and  lower  E-reglon,  measured  with  the  EISCAT  UHF  radar.  The  upper 
panels  show  the  usual  profiles  and  the  lower  panels  show  profiles 
with  an  enhanced  echo  from  about  86  km  altitude.  These  profiles 
display  an  estimate  of  the  signal  power  obtained  from  a lag  of  the 
autocorrelation  function  which  Is  very  close  to  zero  delay  (some  80- 
120  us).  This  constitutes  a proper  power  estimate  for  D-reglon  but 
no  more  for  E-reglon  altitudes.  The  part  of  the  profile  above  90  km 
thus  should  be  disregarded  In  this  real-time  display. 
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magnetic  storm.  This  enhanced  the  signa  l-to-ncnse  ratio  of  the  incoherent  back- 
scatter  echo  and  thus  allows  us  to  obtain  relevant  information  on  the  D-region 
electron  density.  However,  the  occasionally  occurring  coherent  echoes  would  mask 
the  -usual  incoherent  echoes  and  then  the  electron  density  could  no  longer  be 
deduced.  During  the  simultaneous  operation  of  the  CUPRI  radar  similar  features 
of  echo  variation  were  already  noted  in  real-time,  but  some  form  of  the  PMSE 
were  present  most  of  the  time  for  CUPRI. 

Time  series  of  signal  power  in  certain  altitude  gates  of  the  EISCAT  UHF  radar 
(84.75  km)  and  the  CUPRI  radar  (84.5  km)  are  displayed  in  Fig.  2.  A somewhat 
arbitrary  dashed  line  is  drawn  to  Indicate  above  which  signal  level  the  EISCAT 
echoes  are  assumed  to  be  coherent  echoes.  The  criterion  used  for  this  purpose  is 
that  an  echo  enhancement  did  occur  In  only  one  or  two  altitude  gates,  since  it 
is  unlikely  to  see  an  Increase  In  Incoherent  scatter  echo  power  only  In  such  a 
narrow  altitude  range.  Signal  levels  below  this  dashed  line,  thus,  can  be  regar- 
ded as  being  predominantly  due  to  incoherent  scatter.  A detailed  study  of  the 
spectra  of  these  different  echoes  Is  necessary,  however,  and  needs  to  be  done 
subsequently,  to  obtain  a better  estimate  where  the  separation  line  between  the 
"coherent"  and  "incoherent"  echoes  should  be  drawn.  A preliminary  comparison  of 
the  coherent  echoes  detected  by  CUPRI  and  by  EISCAT  thus  should  be  confined  only 
to  the  times  when  the  EISCAT  echoes  are  In  excess  of  this  tentatively  drawn 
line.  We  notice  some  correlation  of  these  "coherent"  PMSE  on  both  frequencies.  A 
more  obvious  correlation  Is  evident  when  we  compare  the  complete  time  series.  We 
note  that  this  Is  due  to  the  fact  that  the  potential  refractive  index  gradient, 
which  determines  the  scatter  cross  section  of  VHP  radar  echoes,  In  the  meso- 
sphere Is  very  strongly  dependent  on  the  electron  density  and  the  electron 
density  gradient.  This  means  that  most  of  the  time  the  echoes  on  933  MHz  and 
those  on  46.9  MHz  result  from  different  scattering  processes,  but  are  related  to 
each  other  because  of  their  dependence  on  the  electron  density. 


Figure  2.  Time  series  of  power  received  In  the  range  gate  closest  to 
86  km  with  the  EISCAT  UHF  radar  (.933  MHz)  and  the  CUPRI  VHF  radar 
(46  9 MHz).  The  dashed  line  Indicates  the  assumed  limit  of  Incohe- 
rent scatter  for  the  UHF  radar.  The  upper  curve  shows  the  magne- 
tometer record  of  the  H-component  of  the  Earth’s  magnetic  field  In 
Tromsb  (courtesy  of  Auroral  Observatory,  TromsO). ^difference  of 
tick  marks  on  the  left-hand  ordinate  corresponds  to  100  nT  for  the 
H-component,  15  dB  for  CUPRI  and  for  EISCAT,  respectively. 
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We  also  have  included  in  Fig.  2 the  records  of  the  H-component  of  the  Earth's 
magnetic  field  measured  in  Tromso,  since  a possible  relationship  of  magnetic 
field  variations  and  PMSE  strength  was  suggested  by  Rlshbeth  et  al.  (1988).  In 
the  time  series  shown  In  Fig.  2 we  do  not  see  any  detailed  correlation  between 
the  magnetometer  and  the  radar  records,  and  thus  cannot  Immediately  support  this 
suggestion.  We,  however,  have  to  note  that  the  lack  of  a strict  correlation 
could  be  due  to  the  difference  of  the  volumes  over  which  the  Irregularities, 
causing  the  radar  signals,  and  the  electro- jet  current  variations,  causing  the 
magnetic  field  variations,  have  to  be  averaged. 

In  Fig.  3 we  present  several  profiles  of  UHF  radar  echo  power  which  in  most 
cases  (except  when  these  strong  PHSE  and  their  code-side lobes  are  present)  are  a 
good  estimate  of  the  electron  density.  The  maximum  of  15  dB  corresponds  to  a 
signa 1-to-noi se  ratio  of  100  X,  and  this  is  calibrated  to  correspond  to  an 
electron  density  N*  % 3-1010  nr3  and  a volume  reflectivity  ft  * 6 -10“ 16  m-1 . The 
minimum  value  of  0 dB  corresponds  to  a signal -to- noise  ratio  of  3 x,  n«  % 
1.9  10®  m-3  and  ft  % 1-10-®  nr1  respectively.  These  estimates  are  preliminary  and 
are  uncertain  by  about  20  X.  The  maximum  volume  reflectivity  of  the  peak  polar 
mesosphere  summer  echo  observed  on  933  MHz  at  about  15  dB  relative  scale  is 
about  a factor  of  25  smaller  than  the  maximum  volume  reflectivity  observed  In 
1987  with  the  EISCAT  VHF  radar  (Rbttger  et  al.,  1988).  The  system  noise  tempera- 
ture of  the  EISCAT  UHF  radar  Is  at  about  100  K,  this  means  that  the  peak  effec- 
tive temperature  of  a 933-MHz  PMSE  Is  about  100  K,  too  (SNR  = 100  X).  Defining 
an  effective  signal  temperature  as  the  ratio  of  the  effective  signal  temperature 
and  the  power-aperture  product  allows  us  to  compare  measurements  made  at  differ- 
ent radars.  Taking  the  EISCAT  UHF  radar  parameters,  we  obtain  an  effective 
signal  temperature  of  1 10~8  K per  W m2  on  933  MHz.  The  peak  PMSE  of  CUPRI  was 
about  30  dB,  corresponding  to  5 10«  K,  when  assuming  a system  temperature  esti- 
mate of  5000  K.  With  CUPRI’ s peak  power-aperture  product  of  3.5107  w-m2  we 
obtain  an  effective  signal  temperature  of  0.14  K per  W-m2  on  46.9  MHz.  This 
means  that  the  reflectivities  on  both  frequencies  are  about  seven  orders  of 
magnitude  different. 

There  are  some  Instances  when  the  CUPRI  echo  shows  peaks  at  altitudes  of  an 
increased  electron  density  gradient.  However,  the  relation  is  by  far  not  con- 
clusive. More  detailed  analysis  Is  necessary  to  find  out  how  the  CUPRI  signal 
strength  depends  on  the  gradient  of  electron  density.  We  then  have  also  to  take 
into  account  in  the  further  interpretations  that  the  altitude  resolution  of  both 
radars  of  some  kilometer  may  not  be  sufficient  and  that  the  CUPRI  beam  is  about 
ten  times  wider  than  the  EISCAT  beam.  The  echoes  seen  by  CUPRI  are  thus  an  aver- 
age over  a much  larger  horizontal  area  than  those  of  the  EISCAT  radar,  which 
reduces  the  correlation  of  the  echo  variations  and  does  not  facilitate  the  ana- 
lysis. It  could  be  presumed  that  the  interferometer  analysis  of  the  CUPRI  data 
may  ameliorate  this  horizontal  averaging  somewhat. 

In  Fig.  4 height-time-intensity  plots  are  shown  of  the  EISCAT  933-MHz  radar 
signal  power  and  the  vertical  velocity.  We  notice  in  the  upper  panel  the  dist- 
inct variability  of  the  echo  power  demonstrating  the  enhancements  of  the  elec- 
tron density  throughout  all  of  the  D-reglon  (occasionally  down  to  72  km)  due  to 
particle  precipitation.  We  also  notice  the  further  enhancements  due  to  PMSE, 
which  are  confined  to  a narrow  altitude  region  around  85  km.  Very  noticeable  is 
also  the  depression  of  echo  power,  which  occurred  around  the  same  altitudes 
before  the  PMSE  did  arise.  This  power  byte-out  may  partially  be  explainable  as  a 
code-sidelobe  effect,  which  is  caused  by  the  way  the  noise  subtraction  is  done 
In  the  applied  EISCAT  radar  program  and  which  we  will  Investigate  further. 
Particularly  the  power  depreciation,  which  was  observed  below  the  strong  PMSE  is 
likely  resulting  from  such  a sidelobe.  It  is  to  be  noted  In  this  context,  how- 
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Figure  4.  Height-time  Intensity  plots  of  echo  power  (.upper  panel), 
upward  velocity  (centre  panel)  and  downward  velocity  (lower  panel). 
The  range  of  scale  between  white  and  black  Intensities  is  15  dB, 

+10  m/s  and  -10  m/s,  respectively. 
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in  the  lower  two  panels  of  Fig.  4 the  upward  and  downward  ve c“fp0"JnJJ 
ttose  Mr  down,  tt  looks  like  that  the  MSE  occur 

rs2S«  xzsz  sas.  w=« 

in  the  mesopause  region. 

A sample  set  of  Doppler  spectra  for  these  933-MHz  PMSE  Is  shown  in  Fig.  5. 

minutesPeweraseeetheerper1od^cevar1at1on0ofethedDoppter  shifted  thenarrowness 
Qnectra  The  spectral  width  Is  partly  caused  by  the  varying  Doppler  shift 

W5Tfewf>H-rSs 

scatter  signal  m ^rt'  SXe  933-MHz  strong  and 

coherent  echoes  must  result  from  a dl ^anlsm  ^narrow’ ?Sat 

Verify  ^LE^TS* 

explain  ?hese  echoes  to  result  from  conventional  turbulence  scatter,  we  thus 
need  another  mechanism  to  explain  the  PMSE. 


EISCAT  UHF  RADAR 


Figure  5.  Spectra  of 

signal  inarrow  spectrum)  and  the  weak  ana  wiq  ^ the  pflak 
signals  In  the  other  range  9“  • ^ single  spectrum  norma  II  za- 

KS:  averages  over  ,0  seo.hds  ahd  displa,  the 

frequency  range  between  ±225  Hz. 
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INTERPRETATION 

tJlann?!P8r  bV  *°tt9er  and  La  Hoz  U989)  some  possibilities  for  the  cause  of 

2^r-£’sr«= 

sSaV-S’ 

J°?_ co®ff1 cl®"1  although  there  Is  not  yet  a clear  theoretical  nor  experimental 

if  v\«  ^TS'l?™*'  which  g1ve  r1se  t0  the  scattering  process  TMs  i^Ins 
hLkJftf  11  1n  the  presence  of  heavy  Ions,  the  Schmidt  number  is  large  and  the 

of  hea5^^on^^^C^emoe^!!t^eaSeH  8t  !!maller  radar  wave1en9ths.  The  formation 
greater^ls  ST, ,2, iJTff "" 

We  have  not  yet  analyzed  the  width  of  the  933-MHz  spectra  to  =«,«rrh  f„r 

( 1988*11 'anri0^001  °f  the  scatter  spectrum  CrteS  by  ConJs  et  IT 

— *“V£«r,rr jrx'zjifijzz  *- 
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the  Scheldt  «“,«  JS-oSS  SLfS^’0"  °"  th°  ™ °t 

££3:— 

Although  th  r ?1 Lf  /S  a re1at1on  t0  PWSE  amplitudes  was  apparent. 
Although  this  is  not  a very  common  effect,  those  observations  are  verv  mt«r 

Setl2n’*ind  wo“1d.[’e1p  ps  t0  understand  one  of  the  mechanisms  behind  theVnSE 
We  can  also  note  tins  effect  In  the  displays  of  Fig.  4. 

WmTh®  v®  1°c1  ty  . mf|9n1tude  Increases  gently  with  some  periodicity  up  to  about  85 

so  ^ve  tMs  an?turd2UCnmo^a1m0St1Zer0  Vel°Clty  Wlth1n  8 few  kilometers  or 
*7?^  this  altitude  almost  no  clear  periodic  oscillations  of  the  vertical 

velocity  are  noticeable.  During  the  time  of  upward  directed  velocity  coherent 

°«  »“r“«  « the  altitude  .here  the  yeloclt*  begins  t^cees^There 

on,,  t°r  j-T,ssst  ■sxrs^rsr.s  s^irs 
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of  ions  and  thus  increases  the  Schmidt  number.  The  latter  would  result  in  PMSE 


177 


enhancements.  It  Is  very  Intriguing,  however,  that  these  PMSE  are  observed  even 
at  the  short  Bragg  wavelength  of  16  cm  of  the  933-MHz  radar.  Rbttger  and  La  Hoz 
(1989)  have  pointed  out  some  other  possibilities  to  explain  the  PMSE,  such  as 
localized  recombination  In  the  presence  of  heavy  positive  Ions  or  charge  separa- 
tion due  to  electric  fields. 


CONCLUSION 

We  have  shown  that  polar  mesosphere  summer  echoes  do  occur  even  at  933  MHz  and 
are  correlated  with  the  well  established  polar  mesosphere  summer  detected 

with  concurrent  46.9-MHz  radar  observations.  We  have  to  exclude  that  turbulence 
can  cause  the  coherent  echoes  on  933  MHz,  since  their  extra-ordinary  strength 
would  need  a huge  and  extremely  unrealistic  turbulence  Intensity,  wb1ch 
the  other  hand  cannot  at  all  prove  from  our  spectrum  width  measurements.  Kelley 
et  al  (1987)  suggested  a change  In  diffusion  coefficient  In  the  presence  of 
heavy  Ions  to  be  ^possible  cause  of  the  PMSE.  Rbttger  and  L.  Hoi  mj)  argue 
that  small-scale  gradients  of  electron  density  occur  due  to  localized 
nation  of  electrons  In  the  presence  of  heavy  positive  Ions,  which  may  occur  In 
patches  of  small  scale  length  In  the  cold  polar  summer  mesopause.  They  o pro- 
pose a mechanism  of  charge  separation  In  the  presence  of  strong  vertical  up- 
drafts and  background  electric  fields,  which  could  generate  the  necessary  steep 
and  short-scale  electron  density  gradients.  The  arising  gradients.  If  they  can 
exist  at  these  small  scales  (which  may  be  the  case  In  the  electron  gas  but  not 
in  the  neutral  gas),  can  give  rise  to  scattering  and  partial  reflection  of 
933-MHz  radar  waves.  We  therefore  do  not  need  enhanced  turbulence  to  explain  th 
PMSE  on  VHF  (46.9  MHz)  and  UHF  (933  MHz). 
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MULTIFREQUENCY  STRATOSPHERE  AND  TROPOSPHERE  (ST)  STUDIES  AT  MILLSTONE  HILL: 
MOTIVATIONS  AND  PRELIMINARY  RESULTS 

Stephen  A Cohn 

Haystack  Observatory 
Massachusetts  Institute  of  Technology 
Westford,  MA  01886  USA 


ABSTRACT 

The  capability  to  nearly  simultaneously  observe  turbulent  backscatter  in  the  stratosphere  and 
troposphere  at  three  wavelengths  is  being  developed  using  radars  at  Millstone  Hill.  In  addition  to  the  UHF 
(68cm)  radar  previously  used  for  lower  atmospheric  turbulence  studies,  fully  steerable  dish  antenna  radars 
operating  at  L-band  (23cm)  and  X-band  (3cm)  are  being  upgraded  to  allow  ST  measurements.  Observing  a 
common  scattering  volume  with  three  widely  separated  wavelengths  provides  a unique  opportunity  to  study  the 
scale  dependence  of  several  properties  of  atmospheric  turbulence.  In  particular  the  wavelength  dependence  of 
backscattered  intensity  can  be  measured  and  compared  with  that  expected  for  a Kolmogorov-type  spectrum  of 
turbulence.  Such  an  experiment,  planned  to  make  use  of  this  unique  capability,  is  discussed  and  some  initial 
measurements  are  presented. 

THEORY  , . 

The  expression  for  the  wavelength  dependence  of  radar  reflectivity,  of  a turbulent  atmosphere  is 

theoretically  well  established  (e.g.  OTTERSTEN,  1969) 

Tl(X)  = 0.38  Cn2 


where  Cn2  is  the  refractive  index  structure  constant  (independent  of  wavelength),  and  X is  the  radar  wavelength. 

This  expression  is  derived  by  applying  Tatarski  theory  for  a wave  propagating  in  a medium  of  random 
refractive  index  to  a Kolmogorov  spectrum  of  turbulence.  Departure  from  this  power  law  would  indicate 
departure  from  the  one  dimensional  power  spectral  density,  S(X),  expected  for  Kolmogorov-like  turbulence, 

S(\)  « kO5'3),  where  k is  wavenumber.  Measurements  of  ti  at  three  wavelengths  could  establish  an  observed 
power  law  to  compare  with  this  theoretical  one.  Also,  such  measurements  could  differentiate  between  the 
several  possible  scattering  mechanism.  If,  for  example,  the  returned  power  was  due  to  reflection  from  insects,  as 
Rayleigh  scatterers  the  wavelength  dependence  would  be  ti  a X-4.  The  considerable  difference  between  these 
dependencies  on  X would  be  easily  measurable. 

MOTIVATIONS  AND  PREVIOUS  WORK 

In  the  1960’s  three  radars  at  Wallops  Island,  Virginia  were  available  for  experiments  very  similar  to  the 
ones  planned  at  Millstone  Hill.  A number  of  studies  were  carried  out  using  wavelengths  of  71.5cm,  10.7cm,  and 
3.2cm  (e.g.  HARDY  et  al.,  1966,  HARDY  and  KATZ,  1969).  The  investigators  found  two  types  of  returns, 
attributed  to  turbulence  and  insects.  However,  at  the  3.2cm  wavelength  only  insects  were  detected.  It  is  possible 
that  the  X-band  radar  lacked  the  sensitivity  needed  to  observe  turbulence.  Using  data  from  the  two  longer 
wavelength  radars,  it  was  determined  that  the  radar  reflectivity  of  the  turbulence  had  very  little  wavelength 
dependence,  consistent  with  the  X'1/3  power  law  predicted  for  a Kolmogorov-type  spectrum. 

Aside  from  the  measurements  at  Wallops  Island,  no  experiment  similar  to  that  planned  at  Millstone 
Hill  has  been  attempted.  However,  the  need  for  such  an  experiment  has  been  emphasized  in  the  intervening 
years.  Discussion  at  the  May,  1983  Workshop  on  Technical  Aspects  of  MST  Radar  held  in  Urbana,  Illinois 
recognized  the  importance  of  multiple  frequency  radar  observations  to  the  understanding  of  atmospheric 
turbulence  and  interpretation  of  MST  radar  data  and  recommended  that  such  an  experiment  be  carried  out 
(LIU,  1983).  More  recently,  discussion  at  the  November,  1987  Battan  Memorial  Conference  on  Radar 
Meteorology  suggested  such  an  experiment  and  led  to  a feasibility  test  at  Millstone  Hill. 

A number  of  features  of  the  Millstone  Hill  site  make  it  well  suited  to  carry  out  a multifrequency 
experiment.  First,  of  course,  is  the  presence  of  the  three  high  powered  radars  with  appropriate  wavelengths. 
Second  is  the  steerability  and  narrow  beam  width  of  all  three  systems  (see  table  1).  Finally,  the  large  gain  of  the 
X-band  radar  (one  of  the  most  sensitive  3cm  radars  in  the  world)  should  permit  probing  of  the  turbulence  close 
to  its  dissipation  scale. 
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PRELIMINARY  RESULTS 

A test  of  the  radar  configuration  in  August,  1988  provided  an  opportunity  to  collect  some  data  from 
each  of  the  three  systems.  Although  the  power  returned  to  each  radar  is  at  present  uncalibrated,  it  is  possible  to 
compare  the  line  of  sight  wind  speeds  measured  by  each  system  to  confirm  that  each  is  indeed  receiving  and 
correctly  processing  the  turbulence  backscatter.  Figure  1 shows  a time  series  of  wind  speed  measurements  at 
each  of  five  altitudes  over  a period  when  all  radars  collected  data.  The  consistency  of  the  wind  speed  from  one 
measurement  to  the  next  with  a single  radar,  and  agreement  between  the  three  radars  lend  confidence  that  the 
measurements  are  valid.  Signal  power  in  arbitrary  units  is  similarly  displayed  in  figure  2.  Since  it  is  uncalibrated 
only  self-comparison  of  measurements  taken  with  a single  radar  is  meaningful.  Again  the  consistency  gives  no 
reason  to  doubt  the  measurement.  For  both  velocity  and  power,  however,  values  obtained  with  the  X-band 
radar  have  larger  variability  from  one  measurement  to  the  next  than  the  other  two  systems. 

Examination  of  the  power  spectra,  from  which  velocity  and  signal  power  are  derived,  shows  an 
unexpected  feature.  While  the  UHF  and  L-band  spectra  appear  typical,  the  X-band  spectra  often  consist  of  a 
number  of  spikes  over  a range  of  doppler  frequencies  rather  than  a continuous,  Gaussian-like  peak  (figure  3). 
Further  investigation  will  be  needed  to  see  if  this  is  a technical  problem  or  a result  of  geophysical  significance. 

A few  possible  explanations  that  will  be  examined  include  1)  the  spikes  are  returns  from  discrete  targets  (e.g. 
insects),  2)  the  1.5cm  Bragg  scale  is  less  than  the  turbulent  dissipation  scale  at  the  observed  altitudes  so  only 
some  spots  within  the  pulse  volume  provide  backscatter,  3)  an  instrument  problem  could  be  corrupting  the 
signal. 

CONCLUSIONS  AND  FUTURE  EMPHASIS 

The  feasibility  test  which  produced  the  data  presented  here  successfully  demonstrated  the  following:  1) 
each  of  the  three  radars  at  Millstone  Hill  can  be  operated  in  an  ST  mode,  2)  the  UHF  and  L-band  radars  can 
receive  turbulent  backscatter,  3)  the  X-band  radar  receives  backscattered  power,  possibly  from  both  turbulence 
and  hard  targets,  doppler  shifted  to  the  wind  velocity,  and  4)  data  collection  can  be  cycled  between  the  radars 
providing  measurements  at  three  wavelengths  on  time  scales  of  less  than  30  minutes. 

The  main  emphasis  in  the  near  future  will  be  on  calibration  of  the  radar  power,  on  understanding  the 
form  of  the  X-band  radar’s  spectra,  and  on  collecting  data  to  test  the  scale  dependence  of  lower  atmospheric 
turbulence. 


Table  1 

CHARACTERISTICS  OF  THE  MILLSTONE  HILL  RADARS 


UHF  Steerable  L-band  X-band 


Wavelength 

(m) 

0.68 

0.23 

0.03 

Diameter 

(m) 

46 

26 

37 

Peak  Power 

(MW) 

2.5 

2.5 

0.3 

Gain 

(dB) 

46 

47 

67 

System  Temp 

(K) 

120 

150 

250 

Beamwidth 

(deg) 

1.0 

0.6 

0.06 
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I.  introduction: 

rnn  Tnw°  w®re  colocated  at  the  Flatland  Radar  Site  (near  Champaign,  Illinois)  for 

coordinated  observations  during  May  and  June  of  1988.  The  following  data  was  taken  during 

me  passage  of  a storm  containing  two  rain  bands.  The  operating  parameters  of  these  radare 
were 

The  50  MHz  profiler: 

50  kw  peak,  310  w average; 

750  meter  resolution; 

128  point  FFT; 
no  spectral  averaging. 


The  915  MHz  profiler; 


300  w peak,  6 w average; 

150  meter  resolution; 

64  point  FFT ; 

spectral  averaging:  3 to  25  spectra; 

additional  ground  data  included:  surface  rain  rates,  surface 
speed/direction,  surface  pressure,  relative  humidity,  temperature. 


wind 


II.  The  915  MHz  Profiler: 

In  clear  air  the  UHF  profiler’s  maximum  range  is  approximately  2.5  km.  While  in  the 
presence  of  precipitation  it  is  closer  to  9 km. 

gaming  Raleigh  scattering,  the  rain  drop  cross  section  is  proportional  to  d®/X4  (d- 

mht  ?haTttf^/udax^aVe,en9,h)‘  ThuS  the  rain  drop  cross  ssc*'00  is  52  dB  higher  at  915 
* , n at  5°  MHz-  Thls  return  completely  overwhelms  the  clear  air  echos.  With  this  sensi- 
km^n'^fn^S6  t0«StU.™the  evolution  of  Precipitation  from  snowflakes/ice  to  rain,  from  9 
aude  do"n  toJ.00  meters-  To  be  able  to  determine  a rain  Drop  Size  Distribution 
(DSD),  terminal  fall  speeds  of  the  rain  drop  must  be  determined.  Various  methods  have  been 
used  to  infer  vertical  air  motions  from  measured  precipitation  fall  speeds.  These  methods 
require  a priori  assumptions  about  the  DSD  (SANGREN,  1984)  or  are  empirical  (JOSS 
1970)  and  not  precisse  enough  (ATLAS,  1973).  K v 
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III.  Thg  5Q  MHz  Profiler: 

Because  of  the  915  MHz  radar’s  inability  to  get  clear  air  returns  in  the  presence  of  pre- 
cipitation, the  50  MHz  capability  to  measure  clear  air  is  necessary.  This  data  can  then  be 
used  to  correct  the  fall  speeds  mesured  by  the  UHF  profiler  for  updrafts  and  downdrafts. 

At  50  MHz  the  simultaneous  measurement  of  precipitation  and  clear  air  returns  have 
been  used  to  determine  DSDs  (FUKAO,  1985;  WAGASUKI,  1987).  However,  at  the  melting 
later  it  is  difficult  to  separate  the  two  returns.  Also,  in  the  presence  of  clear  air  returns,  ice 
particles  do  not  have  sufficient  reflectivity  to  be  detected  at  50  MHz.  Thus,  DSDs  determined 
from  a 50  MHz  radar  are  limited  to  certain  meteorological  conditions  (rain  rather  than  ice  or 
melting  snow). 

IV.  The  Data: 

This  data  was  taken  on  May  23  1988  at  3:15:30  UT,  during  the  passage  of  the  second 
rain  band.  These  spectra  were  chosen  because  of  the  presence,  in  the  clear  air,  of  both  a 
downdraft  (below  5 km)  and  an  updraft  at  7 km.  The  convention  for  vertical  motions  is 
reversed  in  figure  l.a  (915  Mhz  profiler:  downward  motions  have  positive  velocities)  from  that 
of  figure  1 .b  (50  MHz  radar:  downward  motions  have  negative  velocities).  The  velocity  scales 
for  the  two  spectra  are  essentially  the  same  (15.13  m/s  for  the  UHF  versus  15.17  m/s  for  the 
VHF).  The  hydrometeors’  fall  velocities  as  seen  in  figure  1.a  are  the  superposition  of  the 
drop's  terminal  fall  velocity,  vertical  air  motion  and  turbulence.  In  figure  1.b  the  maximum 
updraft/downdraft  is  approximately  1. 5/1.0  m/s.  Vertical  air  motions  of  this  magnitude  if  not 
taken  into  account  would  severely  bias  the  DSD  obtained  by  the  915  MHz  radar.  It  would  be 
difficult  to  obtain  a DSD  from  the  50  MHz  profiler  under  these  conditions  (return  from  the  rain 
is  very  weak  compared  to  the  clear  air),  and  above  4 km  there  is  no  evidence  of  returns  from 
the  ice/snow. 

V.  Conclusion: 

The  915  MHz  profiler  is  well  suited  for  the  study  of  hydrometeors:  high  sensitivity  to 
hydrometeors  and  excellent  height  coverage.  This  gives  an  unique  opportunity  to  study  the 
evolution  of  precipitation  from  snowflakes/ice  to  rain.  Unfortunately  the  clear  air  information  is 
absolutely  necessary,  and  requires  a 50  MHz  profiler. 
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0 ABSTRACT 

The  EISCAT  VHF  radar  system  with  its  multiple  beam  antenna  lends  itself  in  a near  optimum  way  for 
applications  of  spatial  interferometry.  At  a wavelength  of  1 .339  metros  ^employing  a configuration 
with  two  half  antennas,  the  spatial  displacement  per  degree  of  phase  difference  is  5.269  metres  a 
km  altitude.  Thus,  for  example,  a transverse  (to  the  antenna  beams)  velocity  of  10  ms  w 
produce  a change  in  the  phase  of  the  coherence  function  of  1.9  degrees  per  second.  For  typical 
integration  times  of  the  coherence  function  of  20  seconds,  the  phase  smearing  amounts  to  less  than 

40  degrees. 

In  a recent  campaign  carried  out  to  investigate  the  Polar  Mesosphere  Summer  Echoes^or  PMSE 
(ROTTGER  et  al  1988) — we  have  made  the  first  spatial  interferometer  measurements  at  hlbCAi. 
The  experiment  was  on  July  5th  1988  11:30  to  15:15  UT  and  was  characterised  by  mostly  weak 
PMSE  Meaningful  values  of  the  coherence  function  amplitude  (>  0 .7)  occurred  only  sporadical  y 
and  were  not  sufficient  to  make  estimates  of  the  transverse  velocity.  The  inference  is  that  during 
this  experiment  the  irregularities  that  cause  the  scattering  were  diffuse  within  the  antenna  beams  for 
most  of  the  time.  However,  the  few  cases  when  the  coherence  was  close  to  one  and  the  phase  well 
organised  within  distinct  frequency  intervals  demonstrates  that  discrete  scattered  within  the  antenna 
beams  do  exist  and  that  the  radar  spatial  interferometer  technique  has  a promising  future  at  EISCAI. 

SSL  technique  that  we  implemented re«mdy  at EIS< C*T R™d 1 " h^oc^MAN 
was  developed  at  the  Jicamarca  Radar  Observatory  by  FARLEY  et  al.  (1981)  and  WOODM 
(197 1)  It  has  proven  to  be  a powerful  technique  to  study  two-dimensional  plasma  turbulence  in  the 
ionosphere.  Tfie  mentioned  authors  and  their  collaborators  have  used  it  extensively  to  investigate 
plasma  turbulence  in  the  equatorial  and  polar  electrojets  and  in  the  equatorial  F region. 

The  application  of  the  radar  interferometer  technique  to  turbulence  in  the  middle  atmosphere  is 
relatively  new.  FARLEY  (1983)  gives  a complete  and  interesting  account  of  previous  auempts— 
most  seem  to  have  failed— to  apply  the  interferometer  technique  to  MST  measurements.  ROTTG 
and  IERKIC  (1985)  seem  to  have  been  the  first  to  employ  this  technique  successfully  in  a study  to 
compare  their  results  with  other  traditional  and  less  informative  methods  in  applications  to  the  strato- 
sphere  and  mesosphere.  A technique  .hat  is  akin  to  the  radM 

tenna  drift  (SAD)  technique  that  is  described  for  example  by  HOCKING  (1983),  ROTTCER  ( 
BRIGGS  ( 984)  and  additional  references  therein.  FARLEY  (1983)  has  desenbed  the  differences 
and  similarities  between  the  two  techniques,  as  well  as  WOODMAN  (1989)  m this  handbook.  We 
may  state  succintly  as  a reference  that  the  essential  property  of  the  radar  interferometer  technique  is 
the  measurement  of  the  relative  phase  between  the  signals  from  the  two  intersecting  antennas.  In  a 
more  sophisticated  version  of  the  technique  this  phase  measurement  is  done  as  a function  of  Dopier 
frequency  through  the  use  of  the  coherence  function.  In  the  simplest  and  so  far  most  useful  model 
of  discrete  scatterers  that  move  at  different  radial  velocities,  the  phase  information  can  be  readily 
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transformed  successively  into  angle  of  arrival,  transverse  localisation,  and  transverse  velocity,  and 
the  amplitude  information  into  angular  spread,  transverse  size,  and  transverse  decay  (or  growth)  rate. 

Following  FARLEY  et  al.  (1981),  the  coherence  function  of  the  two  received  signals  from  an- 
tennas A and  B separated  by  a distance  d at  their  phase  centers  is: 


Sab(u)  = 


(|VU(W)|2)1/2{|Vs(W)P)1/2 


where  Va  and  VB  are  the  complex  amplitude  spectra  (not  power  spectra)  of  the  signals  from  antenna 
A and  antenna  B respectively,  and  the  asterisk  denotes  complex  conjugate. 

For  die  simple  model  referred  above  of  a discrete  scatterer  moving  with  a radial  component  of 
its  velocity  corresponding  to  an  angular  frequency  w,  a transverse  angular  position  0U,  and  an  r.m.s. 
angular  width  of  aw,  the  coherence  function  is: 


Sab(u)  = eikd*“exp(-jk2d2<,l) 

^.here  * the  radar  wave  vector  and  »' is  the  imaginary  unit.  The  phase  of  the  coherence  function, 
6<p  - kddu,  at  altitude  h and  angular  frequency  w is  related  to  the  transverse  position  8x  of  the 
scatterer  by: 

8x  _ k ch 
8<f>  kd  2 nfd 

where  / is  the  radar  frequency  and  c the  velocity  of  light.  For  the  VHF  radar  at  EISCAT,  / = 224 
MHz  and  d = 60  m (see  Figure  1),  and  the  above  expression  becomes: 


8x  , 

— = 3.552  x 10-3h 
0(p 


As  an  example,  the  altitude  of  our  mesospheric  applications  is  typically  around  85  km: 


8x 

8$ 


= 5 .269  m/ degree 


A transverse  (horizontal)  velocity  of  10  m/s  of  a discrete  scatterer  will  be  measured  as  a change  of 
p ase  at  a rate  of  1 .9  degrees/s.  The  half  power  width  of  each  antenna  is  about  1 .2  degrees,  or  1 800  m 
at  85  km  altitude,  and  the  scatterer  moving  at  10  m/s  will  cross  the  beam  in  180  seconds  The  phase 
will  fold  by  2 7r  in  about  190  seconds.  At  EISCAT  we  have  obtained  individual  samples  of  spectra  and 
coherence  functions  at  about  every  2 sec  giving  a spectral  resolution  of  0.50  Hz  which  is  equivalent 
to  0 33  ms  at  224  MHz  (see  below),  "typical  integration  times  are  5-10  spectral  samples  (10-20 
sec)  to  give  reasonable  statistical  stability.  Thus,  the  “phase  averaging”  1 amounts  to  ~ 20-40  degrees 
I^r  integration  period.  Under  these  conditions  we  will  still  get  18-9  spectral  samples  per  beam  transit 
ume,  and  20-10  spectral  samples  before  aliasing  occurs.  If  the  transversal  velocity  is  substantially 
higher  than  10  ms  , the  discouraging  situation  described  by  FARLEY  (1983)  will  occur  and  the 
technique,  if  it  includes  “frequency  sorting”,  may  fail.  Depending  on  actual  values,  it  may  still  be 
possible  to  obtain  useful  results  by  renouncing  frequency  decomposition  of  the  phase  difference  and 


This  phase  averaging”  may  become  “phase  broadning”— and  thus  be  visible— if  a narrow  Doppler  line  “walks"  in 
frequency  (line  broadning)  due  to  the  combined  effect  of  an  axial  acceleration  of  the  scattering  center  and  a “long” 

rrr  Uw,nT„h‘S  efTeCt  may  explain  the  linear  progression  of  the  phase  of  the  coherence  seen  by 

hARLEY  et  al.  (1981)  occasionally  in  the  equatorial  electrojeL 
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Fig.  1.  The  E1SC AT  VHF  antenna:  Interferometer  configuration. 

be  happy  with  estimates  of  the  phase  difference  in  the  time  domain  through  the  cross-correlation 
function  at  zero  time  delay  as  explained  by  FARLEY  (1983). 

2.  THE  EXPERIMENT  1 /inom  , . 

The  EISCAT  radars  are  described  in  this  handbook  in  the  paper  by  LA  HOZ  et  al.  ( ) an  in 

ILS  reference,  therein.  The  experiment  was  careied  cm  during  the  EISCAT  PMSE  catnpatgn 
in  summer  1988.  A frequency  interferometer  expenment  was  also  earned  out  during  this  campaign 
(FRANKE  et  al.,  1989).  For  the  spatial  interferometer  experiment  we  employed  the  VHF  radar  in 
Mode  II.  See  Figure  1.  One  transmitter  was  connected  to  one  of  the  two  half  antennas,  and  phase 
coherent  receivers  were  connected  to  both  half  antennas.  The  two  antennas  were  pointed  along  te 
vertical  direction  throughout  the  experiment  that  took  place  on  July  5th  1988  at  11.30  to  15.15  U l. 
Since  the  axes  of  the  antennas  are  parallel  and  separeted  by  60  m along  the  geomagnetic  E-W  direction 
(very  close  to  the  geographic  E-W),  they  do  not  overlap  completely.  The  E-W  half  beam  wid* 
of  12  degrees  at  85  km  translates  into  about  1800  m and  the  overlap  length  is  then  1800-60-1740  m 
or  about  97%  in  linear  dimension. 

The  transmitter  modulation  employed  was  a pair  of  complementary  codes  of  length  32  with  a 
baud  length  of  2 /is  giving  a range  resolution  of  300  m.  The  first  gate  was  taken  at  80  km,  the  number 
of  gates  was  30,  and  the  last  gate  was  at  89  km.  The  real  time  processing  consisted  of  decoding 
and  coherently  integrating  the  digitised  signals.  Coded  pulses  were  transmitted  every  4902  /is  and 
the  signals  from  6 transmissions  (including  the  complementary  pair)  were  coherently  integrated  after 
Sng  ,0  give  an  attendee  aarepling  period  of  29412  pa  or  a bandwidth  of  ± 17  Hz,  o, » unt.a  of 
Doppler  velocity  ± 1 1 .4  m/s.  The  data  were  organised  in  records  containing  two  seconds  of  data  and 

subsequently  stored  in  tape. 

The  calculation  of  the  amplitude  and  power  spectra  and  the  coherence  function  of  the  two  time 
series  was  done  off  line.  The  data  were  organised  in  time  segments  1882  ms  long  containing  6 
complex  samples.  A fast  Fourier  transform  (FFT)  routine  was  applied  to  these  segments  resulting 
in  complex  amplitude  spectra  with  frequency  resolution  of  0.53  Hz,  or  in  units  of  Doppler velocity 
0.36  m/s.  Power  spectra  and  the  coherence  function  were  subsequently  calculated  and  the  results 

integrated  for  20  seconds. 
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Fig.  2.  Grayscale  power  map  measured  with  antenna  A 


3.  RESULTS 

Figure  2 shows  the  development  of  the  PMSE  as  a grey  scale  plot  of  the  total  power  as  a function  of 
altitude  and  Universal  Time.  In  this  figure,  each  time  slice  of  20  s has  been  self- normalised  in  order 
to  enhance  the  contrast  of  the  resulting  image.  These  PMSE  were  rather  weak  and  formed  a thin  layer 
ot  about  1 km  or  less  in  thickness  and  moved  slowly  between  83  and  85  km  of  altitude.  During  some 
periods  there  is  a second  layer  at  87  km  and  higher  up,  and  at  about  12:45  UT  even  three  layers  can 

hf*  wn  J 


Figure  3 shows  the  amplitude  of  the  coherence  in  a format  identical  to  that  of  Figure  2.  Discrete 
scatterers  were  considered  to  be  present  when  the  amplitude  of  the  coherence  function  was  0.7  or 
greater.  Amplitudes  less  than  0.7  are  plotted  as  a uniform  light  grey  background.  It  can  be  seen  that 
occurrence  of  discrete  scatterers  are  very  irregular  and  of  very  short  duration.  In  most  cases  their  life 
time  was  at  most  equal  to  the  integration  time  of  20  s. 

Figure  4 shows  one  example  of  the  phase  and  amplitude  of  the  coherence  function  and  the  power 
spectra  of  the  two  signals.  This  event  lasted  three  integration  periods,  although  we  show  here  only 
t e rst  two.  Within  a distinct  interval  of  Doppler  frequencies  that  coincides  with  sharp  peaks  in 
the  power  spectra,  the  amplitude  of  the  coherence  reaches  a value  of  0.9,  and  the  phase  is  more  or 
less  constant,  around  3 radians.  It  is  clear  from  the  figure  that  it  is  not  possible  to  estimate  the  rate 
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Fig.  3.  Grey -scale  coherence  function  as  function  of  time  and  altitude 

of  change  of  the  phase  with  reasonable  reliability,  and  this  holds  also  when  taking  into  account  the 
third  period  of  the  event.  We  surmise  that  the  transverse  velocity  of  the  scatterer  was  small.  Had  the 
lifetime  of  the  scatterer  been  longer,  we  may  have  been  able  to  estimate  the  transverse  velocity. 

We  also  note  that  the  signal  to  noise  ratio  in  the  two  periods  of  Figure  4 is  3.62  and  3.86  dB.  These 
values  are  representative  of  the  values  obtained  during  most  of  the  duration  of  this  particular  run.  The 
majority  of  the  other  experiments  we  carried  out  during  this  campaign  had  much  higher  intensities, 
sometimes  up  to  40  dB  of  SNR.  Unfortunately,  we  ran  the  spatial  interferometer  expenment  only  on 
this  occation.  We  hope  to  repeat  it  next  year. 

We" ha  vtj"” show n^t hat  the  parameters  of  the  EISCAT  VHF  radar,  particularly  the  frequency  and  the 
antenna  configuration,  suit  very  well  for  spatial  interferometer  applications  at  mesospheric  altitude^ 
A test  experiment  was  carried  out  in  the  summer  of  1988  during  a campaign  to  investigate  the  Polar 
Mesospheric  Summer  Echoes.  The  results  obtained  have  proven  our  contention.  Further,  dun  g 
experiment,  the  irregularities  that  produce  the  scattering  were  diffuse  within 
during  most  of  the  time.  Discrete  scatterers  were  present  only  sporadically,  and  then  their  life  time 
was  probably  less  than  the  integration  time  of  20  seconds.  In  one  event  when  a discrete  scatterer 
was  present  for  about  1 minute,  the  phase  of  the  coherence  function  changed  very  little  indica  ing 
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a very  small  E-W  velocity  of  the  scatterer.  The  characteristics  of  this  experiment  were  somewhat 
unsual  when  compared  to  experiments  on  other  days  during  the  same  campaign  in  that  the  PMSE 
layer  was  rather  thin,  stable  and  weak.  We  plan  to  carry  out  more  experiments  to  test  whether  the 
occurrence  of  discrete  scatterers  is  correlated  to  the  intesity  of  the  scattering  or  whether  the  scattering 
irregularities  at  66  cm  (one  half  the  wavelength  of  the  EISCAT  VHF  radar)  have  the  property  of  bein  g 
homogeneous  in  the  horizontal  dimension.  6 
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ABSTRACT 

The  Chung-Ll  VHF  radar  consists  of  three  separate  transmlttlng-receivlng  an- 
tenna systems  and  thus  allows  an  optimum  application  of  Interferometer  and  Inci- 
dence angle  measurements  of  radar  echoes  from  the  troposphere  and  the  strato- 
sphere. We  describe  here  first  measurements  of  cross  spectra  and  the  correspond- 
ing phases,  which  vary  as  function  of  frequency  due  to  a mean  wind.  We  also  pre- 
sent first  Incidence  angle  measurements  and  show  that  the  scattering- ref  lection 
structures  in  the  troposphere  can  be  Inclined  to  the  horizontal  by  about  two 
degrees.  We  also  notice  a periodic  change  of  the  tilt  as  well  as  the  vertical 
velocity  as  function  of  altitude  which  we  attribute  to  lee  waves. 

INTRODUCTION 

MST  radars  are  usually  operated  in  the  Doppler  mode,  where  several  antenna 
beam  directions  are  used  to  deduce  the  three-dimensional  wind  velocities  from 
the  Doppler  spectrum.  Occasionally  also  the  so-called  spaced  antenna  mode  is 
applied  to  deduce  the  wind  velocity  from  the  cross  correlation  analysis  of  sig- 
nals received  at  separate  antennas  (see  for  instance  Rottger  and  Larsen  (1989) 
for  details).  Both  these  methods  of  course  allow  the  measurement  of  some  additi- 
onal parameters,  such  as  the  signal  power,  the  coherence  time,  the  angular  de- 
pendence or  the  spatial  coherence  as  well  as  the  amplitude  distribution  func- 
tions. These  are  useful  parameters  to  study  the  scattering/reflection  mechanism. 
Neither  the  Doppler  nor  the  spaced  antenna  method  need  the  measurement  of  the 
spatial  distribution  of  the  signal  phases  on  the  ground.  In  this  paper  we  will 
point  out  some  advantages  of  amplitude  and  phase  measurements  with  a spaced  an- 
tenna set-up  and  prove  the  applicability  of  this  radar  interferometer  method  to 
deduce  additional  signal  parameters,  which  the  conventional  Doppler  and  spaced 
antenna  methods  cannot  supply. 

In  accordance  to  the  term  frequency  domain  interferometry,  applied  by  Kudeki 
and  Stitt  (1987),  we  call  the  here  applied  method  the  spatial  domain  interfero- 
metry (see  Rottger  and  Larsen,  1989)  or  simply  spatial  interferometry.  It  allows 
for  instance  to  measure  the  angular  spectrum  (i.e.,  the  aspect  sensitivity,  e.g. 
Vincent  and  Rottger,  1980),  the  incidence  angle,  the  corrected  vertical  and  hor- 
izontal velocity  as  well  as  to  determine  horizontal  phase  velocities  of  atmo- 
spheric gravity  waves  and  to  track  turbulence  blobs.  The  latter  measurements 
were  done  by  Rottger  and  Ierkic  (1985)  with  the  53.5-MHz  SOUSV-VHF-Radar , who 
applied  the  post-beam-steering  and  the  cross  spectra  analysis  to  study  waves  and 
turbulence  in  the  stratosphere  and  the  mesosphere,  respectively.  The  original 
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method  of  cross  spectrum  and  coherence  analysis  was  developed  and  applied  by 
Farley  et  al.  (1981)  to  study  scattering  from  E-region  irregularities  with  the 
50-MHz  Jlcamarca  VHF  radar.  This  method  recently  was  als°  JthJ  Hoj  £ 

al  (1989)  to  investigate  polar  mesosphere  summer  echoes  with  the  224  MHz  EISCAT 

W radar ! “ S pr2s.ntp.par  ..  “ST  vS2 

the  troposphere  and  lower  stratosphere  obtained  with  the  52  MHz  Chu  g 

radar. 

At  the  beginning  of  this  paper  we  show  first  examples  of  amplitudes  and  phases 
o.“rX  spectTof  tropospheric  and  loaar  stratospheric  VHF  radar  echoes  (rp. 
which  the  Incidence  angle  can  be  deduced  as  function  of  Doppler  shift.  ™e 

. t f th-ic  naoer  deals  with  the  mean  Incidence  angle  measurements,  from 
which'the  lean  tiRo  Tc  inatlSn  angle  of  the  scattering/reflecting  medium  or 
of  barotroplc  surfaces  can  Pa  “"^LrTgeS  T!l£ 

received  at  spaced  antennas,  which  yields  indications  on  the  rJ" 

u;:  “srur  ‘Sir. j^^srs^SrTSSi  J ^ T 

turns  will  lead  to  more  differentiated  understanding  of  the  scattering  refl 
t i orTmechan  1 sm^as  discussed  by  Rdttger  (1984b)  seja- 

latter  procedures  and  the  analysis  of  cross  spectra  w 
rate  paper. 

EXPERIMENTAL  SET-UP 

The  data  presented  in  this  paper  were  taken  with  the  Chung-Li  VHF  radar  In 

M ■sr.'s-  s*  »»•-„ 

mean  phase  differences  between  the  antennas. 

complex  receiving  channels.  1 ^ ah  kw  n«ak  Dower  of  each 

:“rrh;r.ir:22^ 

integrated  for  250  ms  or  150  ms  and  dumped  on  tape  for  off  line  analys  . 

si 

STSlwre  components.  The  axl.tmg  phase  off-sat 
On 'as  was  d.t.rmined  by  minimizing  th. 

To?  S 5S.~S.UT  antennas  i'and  2.  and  1 and  3.  raspactlvaly. 
°U«  used  to  transform  each  coherently  Integrated  complex  signal  sample  to  pro- 
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vide  phase  equality  between  the  three  receiver  channels.  Following  this  data 
Cr?SS  SDSCtra  and  cross  correlation  functions  we?e  ™?ed 
thl  r-r^  the  ©valuation  of  these  analyses  needs  the  quadrature  components  of 
the  cross  spectra  and  cross  correlation  functions  which  is  quite  different  from 
the  usual  Doppler  and  spaced  antenna  velocity  deductions. 

PRELIMINARY  RESULTS 

(A)  cross  Spectra 


Let  us  assume  that  diffuse  reflection  or  anisotropic  scattering  from  a oarti- 

Fi  1 lZT:VTVTCXUre  tak6S  PlaCe  aS  1ndlcated  5?  settles  of 
(J'  ' ere  mav  certam  sectors  of  the  irregular  structure  which  cause  1n- 
ensified  echoes  due  to  enhanced  cross  sections  of  scatterers  or  focusslnq  from 
certain  refractive  index  surfaces.  If  these  sectors  move  with  different  radial 
V"  ’ typ1cal  sp1kes  occur  in  the  Doppler  spectrum  e g RbUger 
SSAt;  Hocking,  1985).  If  the  total  structure  moves  with  a horizontal  SiSlti 
a e to  a mean  wind  we  will  detect  on  the  average  echoes  from  these  certain 
ar”??V1th  negative  as  well  as  positive  Doppler  shift.  The  result  on  the  data 
is  well  known  as  the  beam  width  broadening  effect"  of  the  Doooler  sDectrum 

thICinC<M  d S0  fa^  °n1y  indirect1y  be  proved-  If  it  would  be  possible  ^measure 
rort1?  rdencf  an9  6 6 b09ether  w1th  the  Doppler  shift  one  would  obtain  most  di- 
rect information  on  this  process  and  may  be  able  to  deduce  the  horizontal  wind 

mean°Doppler  sMft^6"'1081  C0mD0nent  Wo  conventinally  is  deducible  from  the 


Wo 


Figure  1.  Schematic  view  of  a rough  surface  of  refractive  index  struc- 
ture causing  several  radar  echoes  reflected  back  to  the  origin.  De- 
pending on  the  mean  vertical  (Wo)  and  horizontal  (Uo)  velocities  as 
well  as  Intrinsic  fluctuating  velocities  different  radial  velocities 
occur  for  the  different  radar  echoes  from  certain  sections  of  the 
s u iT  ace • 
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In  Fig.  2 we  show  results  of  cross  spectra  analyses  which  yield  the  incidence 
anale  6 as  function  of  Doppler  frequency  f and  more  directly  prove  that  t 
spectral  widening  is  due  to  the  stipulated  off-vertical  echoes.  The ,ave^® 
poweJ  densities  P of  the  spectra  are  displayed  by  the  large  circles  in  the  upper 
Panels  o?Fg  2a  and  2b,  whereas  the  phases  0 of  the  cross  spectra  are  dis- 
SSl!  In  W Wr  p.n.ls,  respectively.  E.cn  single  point  fepresents  . pt.se 
^timate  in  one  Doppler  bin  for  one  data  record  of  6.4  s.  The  closed  circles, 

which  are  connected  by  a line,  indicate  the  mean  phases  dedu^  ^ ? of^the 

Quadrature  components  of  the  cross  spectra.  The  relative  variances  Or , i of  the 
SS  quadrature  and  in- phase  spectral  ™ 

nents  UM  n by^he  doS  conned  by  the  line  in  the  upper  panels.  The  notch 
T^ero  frequency  of  the  variances  results  from  a still  remnant  DC-component.  It 
is  noted  that  the  variance  is  significantly  smaller  at  Doppler  frequencies  below 
0.1  Hz  where  the  power  of  the  spectrum^aximise^  ^^"ejlndlncj  of  the 

phase^on  Seller frequency.  6n  the  right-hand  side  of  the  phase  diagrams  the 

l°T^r  5 I^stirirrS^tr^re6 

whiih  moves  horizontally  with  the  wind.  The  results  from  tropospheric  returns 
(Fig.  2b)  are  not  so  evident  but  still  the  effect  can  principally  be  noticed. 


Figure  2.  Cross  power  spectra  P and  the  corresponding  phases  0 of  VHP 
radar  echoes  from  the  altitudes  z = 16.2  km  (upper  panels)  and  6 km 
(lower  panels).  The  terms  o denote  the  normalised  variance  of  the 
quadrature  components  of  the  cross  spectra  and  f denotes  the  Doppler 


frequency. 
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We  take  this  observation  as  a proof  that  the  widening  of  the  soectra  ie 
caused  by  off-zenith  returns  from  a horizontally  moving  structure  rather  than  hv 

Bnggs  C 1 980 J that  the  common  spaced  antenna  method  is  in  princiDle  similar  to 

computation  tie, as  ,h,  r.«to  S»  52  EoS 

d0/df  the  phase  1n  the  cross  spectrum  and  the  mean  horizontal  wind  speed  Uo? 


d(8/df  = -nd/Uo, 


(1) 


rth?nS 6 *r«Ha1S  thw  d1stanc®  between  the  antennas  In  meters,  UO  is  measured  in  m/s 

Sf  ooS  like  I„ l:  HZ-  Th1"  formula  holds  for  the  W Simplified  Ssumption 
direction  lfk?h«,  II?""83  h*nd,/  frozen"1n  refractive  Index  structure  moving  in 

tlmf  also  dine  Cl?h  ?h  rS  ne;  / n>ore  deta1 treatment  of  such  observe- 
..  * 5°  done  the  Chung-Li  VHF  radar,  combined  with  theoretical  deriva- 

mldil  IirdSrit0  1?  published  e1sewhere.  The  given  formula  using  this  primitive 
odel  already  allows  to  explain  the  observed  phase  slope  of  the  cross  spectra  to 

ilnS  fS  b?h  hih  °:1ZT81  W,!nd-  U’  thus’  a,so  all°"®  » t^  estimate  tie  ^ean 

modules  number  1 and  2 a^he%iL  sTopi^^ 

V*?' rapr  by  tb®  Inverse  of  the  phase  variance,  we  deduced  horizontal  w5£ 

It TkH  °iltifidb8Seilinh  d]rect1on  (about  N-S)  of  about  10  - 15  m/s  at  6 km  Ind 
thJ  li!  a’t1tud®.  whlch  ^ consistent  with  radiosonde  data.  It  is  to  be  noted 
thit  thi  Ph?S6  S °PS  J?  1nverse1y  Proportional  to  the  wind  speed.  This  means 
AHhnlih  S 0PS  sha11ow  for  a strong  wind,  but  steep  for  a weak  wind  speed 
Although  one  may  In  principle  be  able  to  deduce  wind  profiles  from  JCch  53m 
slope  measurements  with  a set-up  of  three  antennas,  it  may  to  m™  stable  ll 

tl£V^  ST-ST"  dMIt  f[!aiySiS  f0r  th1s  purpose-  According  to  the  rela- 
4 4 f 2it  d sin6,  we  note  that  the  phase  difference  of  ti  corresponds  to  an 

incidence  (or  zenith)  angle  of  3.7  degrees  for  d*  = d/n  = 7 7s  w«  thue  +-i  ^ 

inc1dence  anglG  of  the  echoes  as  function  of  Doppler  shift  are  within 

ourUIf"3thI9IheS’  Wh|Ch  1S  *en  w1th1n  the  antenna  beam  width.  The  clear  behavl- 
bh!  phasa  ®1op®>  Particularly  at  16.2  km  close  to  the  tropopause  tells 
P?t?n  tb®  oth®r  hand-  that  there  Is  either  a deterministic  reflecting  structure 
.1  !°T!  !Urface  roughness  or  an  ensemble  of  frozen-in  scattireS 

the  The  frozen-1n  interpretation  means  that  the  Intrinsic  correla- 

turl  IS  h°f  the  P0!?0t,1a1  scatterers  or  of  variations  in  the  reflecting  stric- 
ture must  be  reasonably  longer  than  the  time  a certain  part  of  the  scatterina  or 
refe  ectmg  layer  needs  to  propagate  through  the  beam  We  also  deduS  thl 

sign  flcant  slope  of  the  phase  that  the  radial  fluctuating  velocitvtT  T 

mainly  the  vertical  component  of  the  fluctuating  velocity)  has  a very  Ilch  ^i- 

Inlt  ifect  °n  tie  W1dth  of  the  DoPp1®r  spectrum  than  the  component  of  the  hori- 
Vi!?8"  ve  pc1ty  1n  direction  of  certain  Incidence  angles  close  tothe  ze- 

w dliy  Verted  "b^riio!dthi  Pre!!nt1"  m°St  d1reCt  ®xP®ri|n®ntal  proof  of  the 
sltlrl  and  tl  stratosphere  6 9 °f  VHF  radar  ech°*s  tbe  ^opo- 

ofUSr  IrociaSCr1^d  c1[cumstanc®s  "®  can  deduce  the  power  density  as  function 
?hS  spactrum  phas®  angle,  i.e.,  the  Incidence  angle.  This  allows  us  to 

2 S^Iibll  If^he  ohI«f  fattei:era  or  the  reflecting  structure.  This  Is  best 
oe  P°®s1b]®  ir  the  phase  slope  is  large,  I.e.  for  small  wind  velocities  At 

!b£t  VdS  £?  r I°r  1nSta?P!  noVCe  8 fa1r,y  hl9h  aspect  sensitivity  if 

about  10  dB  per  2 degrees.  This  large  aspect  sensitivity  allows  us  to  neglect 

the  small  decrease  of  power  density  with  incidence  angle  caused  by  the  antenna 

S t^fir  Initidis6ciIJ  ?b  tT  ?69r6e  13  “ typ1CBl  Va1ua  °f  the  aspect  sons  1 1 1 — 

ate  kl  MImh!  ! the  tr°P°Paus«-  Apparently  the  anisotropy  Is  smaller 

at  6 km  altitude  which  Is  an  expected  observation  for  echoes  from  the  trooo- 

sphere  as  compared  to  those  from  the  tropopause.  We  also  find  other  spectra 
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which  indicate  a clear  phase  slope  In  the  centre  of  the  spectrum,  which  we  can 
attribute  to  reflection  from  a rough  surface  structure.  In  the  outer  parts  of 
the  spectra  at  larger  Doppler  shifts  the  slope  is  almost  constant  (see  indica- 
tions of  these  observations  in  Fig.  2b).  Since  the  power  density  is  sigmfcantly 
above  the  noise  level  at  these  larger  Doppler  shifts,  we  could  attribute  this  to 
spill-over  of  low  frequency  power  to  higher  frequencies  due  to  receiver  non 
linearity.  On  the  other  hand,  this  can  also  be  an  indication  that  the  larger 
frequency  power  is  due  to  Isotropic  scattering.  This  may  appear  as  a reasonable 
explanation  since  the  power  density  at  larger  Doppler  frequencies  is  much  lower 
than  at  smaller  frequencies  and  the  normalized  variance  is  close  to  unity,  which 
is  an  Indication  for  a stochastic  or  scattering  process. 

It  Is  to  be  noted  that  the  characteristic  phase  slope  can  also  be  observed  in 
case  of  isotropic  scattering  provided  that  the  radial  fluctuating  velocity  of 
the  scatterers  is  smaller  than  the  projection  of  the  horizontal  mean  velocity 
and  the  Intrinsic  correlation  time  of  the  scatterers  Is  larger  than  the  time  of 
transit  of  particular  scatterers  through  the  beam. 


(B)  Mean  Incidence  Angles 

After  we  have  briefly  outlined  some  interpretations  of  cross  spectra,  which 
still  need  to  be  discussed  in  detail  elsewhere,  we  will  now  present  first  ^ea“ 
surements  of  the  mean  incidence  angles  and  recapitulate  the  principle  behind 
these  measurements.  Let  us  indicate  the  mean  location  of  the  scattering/ref lec- 
ting  structure  by  the  line  S in  Fig.  3 (left-hand  side).  It  is  assumed  that  this 


Figure  3.  Left-hand  side:  Sketch  of  the  geometry  of  phase  measurements 
of  a plane  wave  reflected  from  a straight  surface  S at  a distance  r 
from  the  centre  Ao  radar  antennas  Ai  and  A2,  which  are  spaced  at  a 
distance  di2.  The  surface  is  inclined  with  respect  to  the  horizontal 
at  an  angle  6’  which  is  equal  to  the  incidence  or  zenith  angle  6.  The 
surface  is  moving  horizontally  with  the  velocity  U and  vertically 
with  the  velocity  W,  causing  the  velocity  components  U*  and  W*  in  di- 
rection  of  the  reflected  wave. 

Right-hand  side:  Amplitude  | g | and  phase  0 of  the  complex  cross 
correlation  function  as  function  of  temporal  lg  x. 
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structure  is  sufficiently  far  from  the  radar  antenna,  which  consists  of  the  two 
receiving  antennas  Ai  and  A2 . It  is  also  assumed  that  the  structure  is  slightly 
tilted  with  respect  to  the  horizontal  by  an  angle  6’.  The  tilt  angle  6’,  which 
is  equal  to  the  incidence  or  zenith  angle  6,  is 

6’=  6 = arcsin  (0i 2 -n/(2n  di 2 ) ) , (2) 

where  di2  is  the  distance  between  the  receiving  antennas  Ai  and  A2,  fl  is  the  ra- 
dar wavelength  and  012  is  the  phase  difference  of  the  radar  signal  received  at 
the  two  separated  antennas.  The  phase  difference  can  be  deduced  from  the  complex 
cross  correlation  function  012  of  the  radar  signals  received  at  Ai  and  A2.  The 
amplitude  |«?|  and  the  phase  0 of  the  correlation  function  as  function  of  time 
lag  t Is  shown  in  the  right-hand  side  of  Fig.  3.  The  phase  of  the  cross  correla- 
tion function  at  zero  lag  gives  the  phase  difference  0120.  Since  the  distance 
between  the  antennas  Is  known,  the  incidence  angle  can  be  determined  by  this 
method.  It  is  to  be  noted  that  this  procedure  yields  the  mean  incidence  angle  6, 
which  averages  out  any  horizontal  or  vertical  mean  or  fluctuating  velocities. 
However,  the  incidence  or  tilt  angle  is  a very  meaningful  and  useful  quantity, 
since  It  comprises  an  estimate  of  the  inclination  of  the  barotropic  surfaces  in 
which  the  refractive  index  structures  are  embedded.  It  also  allows  to  determine 
the  accuracy  with  which  the  real  vertical  and  horizontal  velocities  can  be  mea- 
sured. The  latter  argument  Is  explained  by  the  following  simple  example. 

Assume  that  the  structure  S moves  with  a mean  velocity  consisting  of  a hori- 
zontal component  U and  a vertical  component  W.  Since  the  structure  Is  tilted  the 
radar  will  see  a mean  Incidence  angle  5 and  measure  the  composite  the  radial 
velocity 


Vr*  = W*  + U*  = W * cos  6 + u-sln  6.  (3) 

If  the  angle  5 and  the  horizontal  wind  component  U Is  not  zero,  the  radial  velo- 
city Vr * measured  by  the  radar  may  not  be  the  real  vertical  velocity  W as  com- 
monly assumed.  To  assess  the  relevance  of  this  effect,  the  horizontal  velocity 
as  well  as  the  incidence  angle  needs  to  be  known.  The  former  is  usually  measured 
with  the  Doppler  or  the  spaced  antenna  method,  but  the  latter,  namely  the  angle 
6,  cannot  usually  be  measured,  if  one  would  not  apply  the  spatial  interferometer 
technique. 

In  Fig.  3 we  have  also  schematically  drawn  the  amplitude  and  the  phase  of  the 
cross  correlation  function  as  function  of  time  lag  to  demonstrate  two  other 
parameters  from  which  the  velocities  can  be  deduced.  These  are  the  delay  n? 
which  is  needed  together  with  delays  from  a group  of  three  receiving  antennas 
and  other  parameters  to  deduce  the  horizontal  spaced  antenna  drift/wind  velocity 
U with  the  full-correlation-analysis  of  the  spaced  antenna  merthod  (Briggs, 
1980)  as  well  as  the  slope  of  the  phase  0f  as  function  of  temporal  lag  to  deduce 
the  radial  velocity 

Vr’=  n/4n-0\  with  0'=  d0(x=O)/dt.  (4) 

Inserting  Vr*,  deduced  from  equation  (4),  into  equation  (3)  we  could  deduce  the 
real  vertical  velocity  W,  if  the  described  effect  Is  relevant. 

In  Fig.  4 we  show  results  from  the  analysis  of  mean  incidence  angle,  radial 
velocity  as  well  as  power  profile  estimates.  These  displays  show  scatter  plots, 
where  each  single  sample  is  from  a 30s-averaging  period  and  the  distributions  of 
30  of  these  samples  are  plotted  in  form  of  an  intensity  plot  for  each  altitude 
gate.  This  display  allows  us  to  obtain  an  immediate  view  on  the  statistical 
distribution  functions  without  becoming  biased  by  the  usual  displays  of  mean 
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Figure  4.  Distribution  plots  of: 

(A)  Power  profiles  resulting  from  the  coherent  addition  of  signal 
amplitudes  (upper  panel,  PC)  and  from  the  incoherent  addition  of 
power  (lower  panel,  PI)  received  in  the  three  antenna  channels.  The 

limits  are  60  dB.  ..  . 

(B)  Radial  velocity  (WW)  within  ± 1 m/s  limits  (upper  panel),  and 
power  difference  (PD=PC-PI)  within  ± 6 dB  (lower  panel). 

(C)  Eastward  component  (DE)  of  the  Incidence  angle  6 (upper  panel) 
within  limits  of  t 3 degrees,  and  sum  (SP)  of  the  phase  differences 
(lower  panel)  between  all  three  antennas  within  limits  of  ± n. 

(D)  Northward  component  (DN)  of  the  Incidence  angle  6 (upper  panel) 
within  limits  of  + 3 degrees,  and  transformed  velocity  component  AL 
(lower  panel)  within  limits  of  50  m/s. 


values.  We  also  have  applied  some  test  analyses  in  order  to  prove  the  proper 
functioning  of  the  equipment  and  the  data  processing,  which  we  will  discuss 
first. 

In  the  panels  A of  Fig.  4 power  profiles  are  shown  which  indicate  the  well- 
known  layered  structure  of  VHF  radar  returns  from  the  troposphere  with  vertical 
antenna  beam.  The  upper  profile  results  from  the  coherent  addition  of  the  signal 
amplitudes  from  the  three  receiving  antennas.  Following  this  coherent  addition, 
the  power  Pc  was  computed.  The  lower  profile  of  panel  A results  from  the  (inco 
herent)  addition  of  the  power  values  of  the  three  antenna  channels,  yielding  the 
power  Pi.  In  order  to  emphasize  the  contrast  between  these  profiles,  we  have 
plotted  the  difference  Po  of  powers  Pc -Pi  in  the  lower  part  of  panel  B.  It  is 
noted  that  this  difference  is  significantly  positive.  In  those  altitudes  where 
the  signal-to-noise  ratio  is  large  enough,  the  difference  is  between  3dB  and 
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4 dB\Th®  coherent  addition  as  compared  to  the  incoherent  addition  of  three  co- 
herent signals  should  result  at  most  In  a theoretical  difference  of  4 7 dB  We 
can  draw  the  following  conclusions  from  the  fact  that  the  experimental  differ- 
ence  is  close  to  the  theoretical  one: 

*. a i ^ of f — set  compensat  1 on  (mentioned  in  the  chapter  on  the  experimen- 
tal set-up)  between  the  antenna  channels  was  performed  correctly.  This  is  a 
basic  requirement  to  measure  the  incidence  angle  accurately. 

(2)  The  observed  signals  from  the  troposphere  have  a spatial  correlation  di- 

|S  equa,L  t0  °r  1arger  than  the  mean  spacing  between  the  antenna 
centers,  I.e  larger  than  some  seven  radar  wavelengths.  It  is  assumed  that  this 

Qtr!tifrHreJat1?n  dlstance  1s  resulting  from  either  partial  reflection  from 
stratified  structures  or  from  highly  anisotropic  scatterers. 

Another  test  was  done  to  prove  that  the  phase  computations  were  done  accurate- 
ly.  namely  that  the  phase  differences  between  the  three  antennas  should  stati- 

thl  h t ?Kd+UP  t0  ?0r°’  1'S”  10  = 012  + 023  + 031  = °-  The  result  is  shown  in 
the  distribution  plot  Sp  of  the  lower  panel  C in  Fig.  4.  We  notice  the  follow- 


zero,  which 


(1)  The  distributions  as  function  of  altitude  are  centered  around 
is  the  expected  result. 

_2;2},Ther®  ar®  a f®w  significant  outliers,  which  result  either  from  receiver 
non  linearity  at  the  lower  gates  or  from  remnant  DC-components  (fading  ground 
clutter  or  Instrumental  bias  off-set)  at  the  gates  with  low  signal-to-noise-ra- 

the  UDPer  alt1tudes  above  10  km  the  data  samples  are  not  equally 
distributed  between  +u  and  -n,  which  significantly  indicates  a siqnal  in  those 
gates.  This  is  consistent  with  the  observation  of  a positive  power  difference  PD 
the  lower  panel  B.  However,  it  still  needs  to  be  carefully  checked  if  this 
signal  is  not  due  to  fading  ground  clutter. 

, I2+t^e  MPPer  pane1  B of  F1g'  4 the  distributions  of  the  radial  velocity  Vo'are 
plotted.  We  notice  again  a clustering  around  a mean  value  which  is  at  a small 
positive  velocity.  Larger  periodic  excursions  are  superimposed.  In  the  upper  pa- 
, °f  Fl9-  4 the  eastward  component  of  the  tilt  angle  6e , and  in  the  upper 
panel  D the  northward  tilt  angle  6n  is  shown.  Except  of  l few  cluster  regions  of 
larger  6 at  localised  range  gates,  which  likely  are  due  to  fading  clutter,  the 
tilt  angle  5E°sci  Hates  by  about  one  degree  amplitude  around  zero,  whereas 
little  periodic  variation  Is  noticed  In  6n. 

These  results  can  be  interpreted  as  follows: 

(1)  The  oscillation  in  6 is  not  due  to  a phase  ringing  effect  in  the  receiver 
or  the  transmitter,  since  this  should  be  manifest  in  all  channels,  i.e.  in  6e  as 
well  as  in  5n . 

(2)  There  is  a periodic  variation  of  the  eastward  tilt  with  altitude,  which 
correlates  with  the  radial  velocity.  We  Imagine  that  this  can  be  explained  bv  a 
mountain  lee  wave  structure.  The  radar  is  located  about  40  km  west  of  the  high 
central  mountain  ridge  of  the  Island  of  Taiwan.  The  prevailing  easterly  winds 
should  excite  mountain  waves  in  the  troposphere,  which  have  periodicities  in  the 
east  west  but  not  in  the  north-south  direction.  Mountain  waves  are  characterised 
by  periodic  tilts  of  the  isotherms  and  the  flow  pattern.  This  could  result  in 
the  observed  east-west  inclination  of  the  refractlvity  structures  causing  the 
radar  echoes.  It  could  also  result  in  a quasi-periodic  variation  of  the  power 
profile,  which  may  be  apparent  in  our  observations  (however,  obviously  diluted 
due  to  other  effects  of  changing  humidity,  stability  and  turbulence).  Lee  waves 
also  would  exhibit  themselves  by  periodic  altitude  variations  of  the  radial  ve- 
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locity,  which  we  also  observe  (see  upper  panel  B of  Fig.  4).  The  fact  that  the 
tilt  as  well  as  the  radial  velocity  is  on  the  average  fairly  stationary  during 
the  observation  period  of  15  miutes,  places  some  more  confidence  on  our  assump 
tion  that  the  observed  features  are  caused  by  lee  waves. 

If  we  now  would  assume  that  the  periodic  variation  of  the  radial  velocity  is 
due  to  a small  component  of  the  horizontal  wind  transformed  into  radial  direc- 
tion due  to  the  tilt  6,  we  should  see  this  effect  by  combining  the  measured  Vr’ 
with  6 according  to  formula  (3).  Since  the  tilt  angle  is  very  small  and  the  ver- 
tical velocity  could  be  fairly  large  in  the  case  of  lee  waves,  this  effect 
should  be  barely  noticeable  unless  we  would  have  an  estimate  of  the  horizontal 
wind.  Since  the  latter  is  not  yet  available  during  the  preparation  of  this  note, 
we  just  have  displayed  in  the  lower  panel  D of  Fig.  4 the  ratio  VR’/sinb  as  a 
crude  estimate  of  the  horizontal  velocity  component.  Except  of  two  positive  ex- 
cursions around  6 km  and  9 km  we  cannot  see  any  evidence  for  the  dilution  of  the 
vertical  velocity  by  the  horizontal  velocity  in  these  data.  In  any  case,  the 
measured  Incidence  angle  will  allow  us  to  correct  the  radial  velocity  as  soon  as 
we  can  include  the  measured  horizontal  wind  and  to  obtain  an  estimate  of  a dilu- 
tion. It  anyhow  can  be  concluded  here  that  the  radial  velocities  are  the  best 
estimate  of  the  vertical  velocity  when  the  simultaneously  measured  incidence 
angle  is  zero  or  very  small. 

CONCLUSION 

We  have  proved  the  applicabilty  of  phase  measurements  with  three  spaced  anten- 
nas to  obtain  additional  parameters  for  studying  the  scattering-reflection  me- 
chanism as  well  as  to  better  understand  some  common  features  in  the  velocity  and 
power  profiles  of  ST  radar  measurements.  Although  these  preliminary  analyses 
cannot  be  finally  conclusive  and  need  much  more  refinement,  we  are  convinced 
that  the  phase  measuring  capability  is  a very  useful  and  necessary  complement  to 
MST  radar  investigations  and  wind  profiler  applications. 
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A POST-STATISTICS  STEERING  TECHNIQUE  FOR  MST  RADAR  APPLICATIONS 
Erhan  Kudeki1  and  Ronald  F.  Woodman2 


I)  INTRODUCTION 

The  use  of  multiple  spaced  antennas  to  receive  return  signals  from  common  targets  in 
the  far  field  is  becoming  a common  practice  in  atmospheric  and  ionospheric  radar  studies  in 
recent  years.  The  reason  for  the  popularity  of  such  "interferometric"  radar  configurations  is  the 
additional  information  contained  in  the  phase  relationships  of  the  different  receiver  signals 
regarding  the  angular  distribution  of  atmospheric  targets  within  the  classical  radar  resolution 
cell.  This  information  can  be  exploited  in  a variety  of  ways  in  data  processing  stage.  Some  of 
the  currently  used  processing  techniques  include  the  so  called  radar  interferometry  (Rl),  when 
the  phase  difference  between  independently  sampled  antenna  signals  and  its  temporal  and 
Doppler  frequency  variations  are  inspected  and  interpreted  directly  [e.g..  Woodman,  1971, 
Farley  et  al.,  1981;  Kudeki  et  al.,  1981],  imaging  Doppler  interferometry  (IDI),  when  the 
angle-of-arrival  information  from  phase  differences  at  discrete  Doppler  frequencies  are 
combined  with  the  corresponding  Doppler  velocities  to  infer  background  wind  velocities  [e.g., 
Adams  et  al.,  1986],  and  post  beam  steering  (PBS),  when  received  signals  at  individual 
antennas  are  combined,  following  suitable  phase  shift  operations,  to  synthesize  new  beam 
directions  [e.g.,  Rottger  and  Ierkic,  1985],  The  choice  of  most  suitab  e interferometric 
processing  technique  depends,  to  a large  extent,  on  the  spatial  and  temporal  characterises  of 
the  scattering  targets  under  investigation,  as  well  as  what  aspects  of  the  investigated 
phenomena  are  desired  to  be  emphasized. 

The  purpose  of  this  note  is  to  present  a new  interferometric  data  processing  technique 
which  will  be  referred  to  as  "post- statistics  steering”  (PSS).  In  essence,  PSS  is  a beam 
synthesis  technique  similar  to  PBS,  but  has  distinct  advantages  over  the  latter  m data  storage 
and  economy  of  computations,  especially  in  beam  scanning  applications.  Radar  signals,  being 
of  statistical  nature,  invariably  need  to  be  interpreted  in  terms  of  suitable  moments  such  as 
power,  auto-correlation  function  and/or  power  spectrum.  In  PBS,  moment  calculations  are 
postponed  until  beam  synthesis  is  accomplished  via  some  appropriate  combination  ol 
individual  antenna  signals.  In  PSS,  by  contrast,  beam  synthesis  is  postponed  until  all  the 
possible  self-  and  cross-moment  estimates  are  formed  with  the .multiple  receiver  signals.  Beam 
synthesis  and  scanning  can  then  be  performed  with  a simple  arithmetic  of  the  available  self-  and 
cross-moments.  Since  the  computation  of  such  moments  (which  can  be  performed  in  real  time) 
results  in  vast  data  compression,  data  storage  requirements  for  post-experiment  PSS  analysis 
are  far  more  relaxed  than  raw  data  storage  needed  for  post-experiment  PBS  analysis. 

II)  POST-STATISTICS  STEERING  (PSS) 

Consider  the  interferometric  radar  configuration  depicted  in  Figure  1,  where  identical 
antennas  A and  B,  separated  horizontally  by  some  baseline  D,  are  used  to  detect  signals  from 
far  field  targets  illuminated  by  a single  transmitting  antenna  T pointed  in  the  vertical  direction. 
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Let  complex  signals  a and  b received  by  antennas  A and  B,  respectively,  define  a signal  vector 


•Cl 


(i) 


^rhn,,wk.Q^  tsn>,  fOT  ^ receiver  channels  connected  to  bo*  antennas,  return  signals  a 
h SnS  Sfffd  f:alKf0r  Kle^lzed  P°mt  tar8«  Positioned  directly  overhead.  Signals  a 
b»S^0nly  by  *■ ph8SC  for  a sunilar  tar»ct  positioned  off  *e  zeni*.  Phase 

and  amplitude  differences  in  a and  b may  be  expected  for  a more  general  and  realistic 

resdiSon  ceU  °f  randomIy  dlstributcd  multiple  or  diffuse  targets  within  the  common  radar 
combmSnianofaP^d  b?  °f  * ^ S°mC  transformation  vcctor  * dcfines  ■ Possible  linear 


OC  = t . s = tTS  = J ll  *2 


a[:] 


(2) 


When  antennas  A and  B are  regarded  as  *e  elements  of  a two  element  linear  array,  operation 
(^amounts  to  beam  symhesis  selected  by  the  transformation  vector  t.  The  operationmay  be 
jS  1S  °£en  done-  by  combining  *e  array  elements  wi*  desired  phase 
Roftvir  nnlf  I1  ifthSio«1  ai$i!ltud!S  (amplification  factors),  or  in  software  as  in  PBSfe.g., 
Icrbc’  When  tiie  operation  is  carried  out  in  software,  beam  scanning  is 

varying  t.  Signals  syn*esized  in  a beam  scanning  operation  may  be  organized  in  a 
ew  signal  vector  o,  which  can  be  obtained  from  s by  multiplication  wi*  a suitable 

SSSTofSXn  d'V'l0P  ,te  id“  of  PSS  4 is  «“  “ “"sid“  * linear 


a 

T 

Au 

T 

A12 

a 

o = 

.p. 

ii 

M 

II 

T 

21 

T 

A22 

b 

(3) 


where  a and  P correspond  to  signals  at  two  new  beam  directions  defined  by  *e  elements  of  T 
canteiwovCTt^!^’  sir  ^oidCnt  ***  ° carries  ^ information  as  s,  since  at  any  time  s 

Mt,  Inatmospheric  radar  studies  return  signals  are  generally  assumed  to  be  of  random 
"aJ^-  Therefore,  data  interpretation  is  typically  attempted  with  suitably  defined  average 
statistical  parameters  derived  from  the  radar  signal,  such  as  signal  power,  auto-correlation 
function,  or  power  spectrum,  etc.  The  essence  of  PSS  is  to  avoid  direct  use  of  transformation 
(i)  in  beam  synthesis,  but  to  calculate  *e  average  statistical  parameters  associated  wi*  o from 
*ose  associated  wi*  s.  To  *at  end  we  define  statistics  matrices  of  s and  c as 
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S = <s  s 


[*'  »••]>- 


<aa’  > <ab*  > 
<ba*>  <bb’  > 
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ab 


rb«  rbb 


(4) 


and 


*T 

I = <a  o’  > = < 
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[o'*  P*]>  = 

<aa'*>  <aP’  > 

faa  r<xp 

a 

* _ _ * 

= 

.p. 

<Pa’  > <PP'  > 

.V  fpp. 

(5) 


respectively  In  (4)-(5),  * denotes  complex  conjugation,  superscript  T ^s^ition,  and 

SSStME  at  zerotime  deSy  reduce  to  power  and  cross-power, 
respectively.  Combining  (3)  and  (5)  Zmay  be  expressed  as 


z = <ao'*T>  = <(T  s)((T  s')’)T>  = T <SS‘^>  T*1  = T STf 


(6) 


where  rt=r*T  is  the  Hermitian  conjugate,  or  the  adjoint  of  matrix  r. 

die  statistical  matrix  Xof  the  synthesized  beam  signals  o ^ 

incidence  signals. 

Consider  a particular  transformation  matrix 


T = 
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lll 
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iA/2  -iA/2  1 
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which  amounts  to  synthesizing  two  reception  beams  with  array  factor  maxima  at 


0 = ±sin  '[A/kD] 


(8) 


off  the  zenith  (a  corresponds  to  +,  and  p to  - 
corresponding  to  the  radar  carrier  frequency.  It  can 
leads  to 


signs),  where  k is  the  wavenumber 
then  be  shown  that  the  expansion  of  (6) 
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raa  = ^+rbb>  + fr.beiA+rb.e,A) 

rpp  = (r«+rbb>  + (r.belA+rb.eiA) 

fap  = fr.b+r J + (rue'A+rbbe’,A) 

rpa  = (r,b+rb.)  + <raaelA+rbbeiA> 


. raa»  rbb.  fab»  ana  rba  arc  available.  The  results  and  soecifieallv  r ™ ’ u 

interpreted  as  the  usual  outputs  of  a beam  swingSg and  rpp,  can  be 

Finally,  Fourier  transforming  relations  (9),  and  rememberinc  that  r r u ^ fnrm 


°oa  = (<1>a1+<I)bb)  + 2Re(<I>ibciA} 

%P=(®«^bb>+2R*(<v'“> 


(10) 


HI)  PRACTICAL  CONSIDERATIONS 

PP  ns  rbb,  rab,  and  rba  and  <I>bb,  Oab,  and  C>ba  need  to  be  corrected  via  division  by  Igl2,  g 
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^lg*Hre4PeClVdy’  priOT  to  .use,in  (9)  md  GO).  magnitude  correction  Igl  can  also  be 
tamed  from  the  expenment  itself,  by  simply  comparing  raa  with  n,b(  or,  d>aa  wfth  Obb- 

francmi^  P°inting  direction  is  determined  not  only  by  A,  but  also  by  the 

transmission  and  reception  element  (antennas  A and  B in  Figure  1)  gain  patterns  and  the 
aspect  sensitivity  distribution".  The  latter  is  related  to  the  angular 
^on,  determined  by  the  nature  of  the  scattering  and/or  reflecting  irregularities  in  tlwfmedium 
nmHnrt'nf^r^1'  s<ratferer  (no  aspect  sensitivity),  only  the  two-way  gain  pattern,  that  is  the 
of  transmission  and  reception  gain  patterns,  need  to  be  considered  to  estimate  the 
retarimf  Pom.tmg ' duectton.  Since  the  two-way  gain  pattern  is  usually  well  known  this  is  a 

eain  Dattem^eS^o^m  HV1  aSpeCt  sensitivc  scattered,  however,  the ’two-way 

g n pattern  need  to  be  multiplied  with  the  aspect  sensitivity  distribution  Unless  the  latter  is 

b^nd^S^dSn'pSSS”'y  WiU  *lways  a“0,"P"J'  ““.do,,  oftffecdve 

Difficulties  mentioned  above  are  by  no  means  unique  to  PSS  techniaue  Gain 

rcSUltS  and  necd  tobe  corrected  for  us^gsiS 

P™™Vr*s  to  ‘hat  described  above  in  connection  with  the  PSS  technique  Similarly 
uncertainties  re ^ated  to  unknown  aspect  sensitivity  distribution  contaminate  all  beam  swinging 
techniques,  including  those  accomplished  in  tfie  hardware.  In  fact,  even  vmicd  S 
«n^ri^eiUiS  ®^comPhshed  using  a smgle  vertically  pointed  radar  beam  are  subject  to  aspect 
usedbinraZrZ  unc®rtaintlcs’  “ {minted  out  by  Rottger  and  Ieriric  [1985],  Although  rarely 
sS  un^StiesblStSin1 5 t?C  lnterferometric  technique  is  the  possibility  of  euLiating 
^e  useTf^^^Lf^  8 6 “P®01  scnsmvlty  variation  within  the  radar  beam  through 
scLnfnfp^^  a result  of  its  much  simplified  be^n 

aswc  fenS^  a’nHSi  ^.h  q,Ue  “ **  P°tentialIy  important  in  this  regard.  Preliminary 
spcct  sensitivity  and  wind  velocity  measurements  obtained  with  a PSS  analvcic  nf 

Sbfi?tynC  JlCamrCa  d3ta  WU1  1)6  prCSen,ed  in  a scparate  PubhcLn  toSilSteSt£ 
IV)  CONCLUSIONS 

an  . . A ”ew  post-statistics  beam  synthesis  and  scanning  technique  (PSS)  suitable  for  the 
analysis  of  interferometric  radar  data  has  been  introduced  Beam  synthesis  and  scanmne  ,s 
accomplished  usmg  the  self-  and  cross-moments  of  multiple  receiver  signals  as  the  ingredients 
f operations.  By  contrast,  the  post  beam  sneering  (PBS)  technique^equires 

manHPU^0nSi t0  °4btain  ^“tvalent  results.  Dam  storage  and  conization 
^ conade£?b|y  relaxed  in  interferometric  beam  scanning  applications  through 

Sd  unh3e-  tl*  lfhnique  can  1)6  efficicntly  exploited  in  simul^eousaspect 
S sysrems  UnbaiSed  Wlnd  vcloc,ty  measurements  using  vertically  pointed  interferometric 

, , . A1‘hough  only  the  two-receiver  case  has  been  explicitly  treated  in  this  note  the 
technique  can  be  readily  used  to  handle  interferometric  data  collected  with  multiple-receiver 
radar  configuraaons  including  orthogonal  baselines.  It  is  also  suS  foZaZe  sZnnine 
applications  with  frequency-domain  interferometry  (FDI)  [Kudeki  and  Stitt  198"fl  data  The 

ss£s£  sear for  -v*,. 
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ABSTRACT 


a characteristic  of  the  224  MHz  echoes  (LaHOZ  er  alPPlQ«Q^u/m*  SPectrf1  J^PS  appear  to  be 
Doppjc,  «*,  and j™** 

in  conjunction  with  spatial  interferometry  measurement  Pa'gnS  at  EISCAT-  Perhaps 

INTRODUCTION 

by  KUM^tdU|^^?H«^IntCrfer0nletI?  techni9ue  was  first  described  and  employed 

mmsmmm 

mmmrnmm 

time  series,  S12,  is  defined^  1 2 by  V]  and  V* ,hen  **  coherence  between  the  two 
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Si2  = 


<v  iV?*> 
V<IV!l2><  IV2I'2> 


(1) 


coherencffhaw  !^giv^  ^VsccSd 

with  vertical  dimension  defined  by  the  pulse  length  For  example,  FRANKE  (1989)  considered 
the  case  where  the  refractive  index  variations  responsible  for  backscattered  echoes  from  a verti  y 
SSSt  - be  modeled  by  a random  and  odrfog 

Tielrl  Anr?  t)  which  is  weighted  by  a gaussian  function  e vz  zx)  /zoi  This  simple  moaei 
rewesents  a scattering  layer  with  thickness  o,  and  centroid  z,  and  can  be  used  to  obtain  an  explicit 
expression  for  the  coherence.  Under  the  assumption  that  the  layer  thickness  is  small  compared  to 
the5 radar  pulse  length  and  the  antenna  beam  width  is  narrow  so  that  wavefront  curvature  effects  c 
be  ignored  (FRANKE,  1989)  the  coherence  is  found  to  be  of  the  form 


Sl2=ei2Akz>e-Ak2ai2 


(2) 


Thus  the  magnitude  of  the  coherence  can  be  used  to  obtain  an  estimate  of  o,  and  the  phase  is  used 
to  determine  die  relative  position  of  the  layer  within  the  scattering  volume,  z\.  In  some  cases.it  s 
useful  to  extend  the  coherence  into  the  frequency  domain,  e.g.  the  coherence  spectrum,  S12(co), 
computed: 

s,2«°>-  , <V'(<“)V3<0,),> 0> 

V <IV1(tO)|2>  <IV2(C0)l2> 

where  V,  (©)  and  V2(co)  are  the  Fourier  transforms  of  the  voltage  time  series.  In  order  to  avoid 
Confusion  we  will  use  the  term  coherence  coefficient  when  referring  to  data  processed  according  to 
eauation  (1)  and  coherence  spectrum  when  referring  to  equation  (3).  In  the  simplest  situatio 
where  a thin  layer  is  present  in  the  scattering  volume,  the  magnitude  Mid  phase  of  the  coherence 
spectrum  have  the  same  interpretation  as  they  do  for  the  coherence  coefficient  discussed rearlrer 
certain  cases  this  Doppler  sorting  can  be  used  to  separate  multiple  scattering  layers  with  diffe  e 
line  of  sight  velocities) (KUDEKI  and  STITT,  1987)  or,  as  will  be  discussed  in  this  paper,  to  infer 
the  characteristics  of  a thin,  tilted  scattering  layer. 

In  this  paper,  we  present  a case  study  of  two-frequency  data  collected  within  a 37  minute 
period  on  July  3,  1988.  The  data  were  collected  during  the  "Polar  Summer  Mesosphere  Echoe 
(PMSE)  campaign  using  the  EISCAT  VHF  radar. 

OBSERVATIONS 

The  EISCAT  radars  are  described  in  this  handbook  in  the  paper  by  LaHOZ  et  al.  0989) 
and  in  additional  references  therein.  For  the  two-frequency  experiments  reported  here  a double 
pulse  scheme  was  employed  whereby  a 10  ps  pulse  at  223.8  MHz  was  transmitted  and  then 
followed  2 ms  later  by  a 10  ps  pulse  at  224.0  MHz.  Thus  the  altitude  resolution  of  the  data  is 
approximately  1.5  km  if  conventional  processing  is  employed.  The  interpulse  period  was  .8 
ms  Separate  receiving  channels  were  used  to  obtain  10  samples  at  altitudes  corresponding  to  8 
935  km  M^ac^  frequency.  Coherent  integration  of  14  successive  samples  was  employed  to  obtain 
time  series  with  ^effective  sampling  period  of  25.4  ms.  The  coherently  averaged  samp  es  were 
collected  in  memory  until  192  samples  (4.87  seconds)  had  been  collected  at  each  range  gate  and  at 
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secondsqUenCy  ^ Were  the"  dumped  to  tape-  A new  data  collection  cycle  started  every  5 

• . The  f‘?norcn<?  coe®cient  was  calculated  from  a temporal  average  over  12  data  records  each 
e verlf  mm n»  92  coherently  integrated  samples  providing  an  estimate  of  the  coherence  coefficient 
every  minute.  Auto  and  cross-spectra  were  computed  using  the  first  128  points  of  each  192 
sample  data  record.  The  data  were  Founer  transformed  using  the  FFT  after  removing  the  mean 
^Pp.l5™g  a Hanning  window.  The  resulting  spectra  were  averaged  for  intervals  ranging  from 

011111116  30(1  the  resu  tlng  averaged  spectral  estimates  were  used  to  estimate  the  coherence 
spectrum. 

...  . Figlff.  1 shows  how  the  magnitude  of  the  theoretical  coherence  value  depends  on  the 
?nhthe  SCatter?ng  l?y*T  foF  the  200  kHz  frequency  separation  used  in  this  experiment 
than  ?onm  ValueS  .and  0 7 associated  with  layer  thicknesses  smaller 

d 50(m’  resPecDvely-  When  interpreting  the  coherence  values  computed  from  finite 
length  time  senes  it  is  necessary  to  take  into  account  that  fact  that  the  (i)  coherence  estimates  are 
biased,  and  (11)  spurious  large  values  of  coherence  can  be  measured  when  the  data  segment  length 

BLOoSld"1 VSK  !",n  VI  T*“°”  of  ,h‘  radaAignil  (e'g 

® 1975  k 1 .ls.usef“1  when  interpreting  the  significance  of  measured  values  of 

coherence  to  determine  the  Igniting  (maximum)  coherence  at  the  95%  level  under  the  hypothesis  of 
zero  population  coherence.  The  limiting  coherence  is  given  by  (BLOOMFIELD,  1975)* 


S0  95  = [1  - (0.05),/(N1)jI/2 


(4) 


where  N is  the  number  of  degrees  of  freedom  in  the  sample  used  to  obtain  the  coherence  estimate 
0 Wh^rhe r UhS  °f  S'12  *eSS  th^  S(?-9$  should  be  regarded  as  not  significantly  different  than 
SEed^from  T/ri /21S  e.st,ma'ed  as,ln  1)th^  approximate  number  of  degrees  of  freedom  can  be 
obtained  from  T/t  " where  T is  the  length  of  the  time  series  and  t*"  is  the  time  to  50% 
decorrelation.  For  estimation  of  the  coherence  spectrum,  (4)  still  applies  but  in  this  case  the 
number  of  degrees  of  freedom  is  equivalent  to  the  number  of  independent  spectra  averaged  to 

to  K at  least  X-"  2rd"  ^ ““S  '°  s™lfcr  ,tian  0 3 ” » "«***«* 

the  coherence  is  not  close  to  zero  is  (BLOOMFIELD,  1975): 

(1-y2)2 

“ (5) 


B = 


1 


4(N-1) 


'f  Hhe  0116  c°bere”ce  value-  Note  that  if  the  true  coherence  is  larger  than  0.5  and  the 
umber  of  degrees  of  freedom  is  at  least  12,  then  the  bias  will  smaller  than  0 026  and  can  be 

KUDEKI  and^Trrr'Tqso^h5  ^ iS  S9ntributed  when  the  signal  to  noise  ratio  is  finite  (e.g. 
, . STITT,  1989  this  issue).  This  term  acts  to  decrease  the  measured  coherence  This 

f(T+N  /l^^+eNTll^:Aedkf0rc:bZ  m“lteip*ying  the  comP“*d  coherence  values  by 
fl  and  respecdve?y  S,/Nl  *nd  Sz/N2  “*  **  S,gnal'to  noise  P°wer  ratios  obtained  M 

RESULTS  AND  DISCUSSION 

t tt  « 2 1 shows ; the  signal-to-noise  ratio  during  a 37-minute  period  beginning  at  1 2 42  05 

UT  on  July  3,  1988  at  6 range  gates  covering  altitudes  from  84.5  to  89.0  km  The  siinal-to  noise 
s/ro™  0 to  15  dB  and  corresponds  to  moderate  PMSE  echo  s^ngths  F fure  shows 
high  resolution  (15-s  integration  time)  spectrograms  for  the  4 middle  range  gates  where  sieniS 
signal  power  is  observed.  Velocities  on  the  lower  half  of  the  spectrogram  correspond  tomotions 
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Layer  Thickness  vs.  Coherence  for  200  kHz  frequency  separation 


Figure  1 Theoretical  relationship  between  the  magnitude  of  the  coherence  coefficient  and  the 
thickness  of  the  scattering  layer  for  the  200  kHz  frequency  separation  and  10  \is  pulse  length  used 
in  the  experiment. 


EISCAT  July  3, 1989  12:42:05 
Signal  lo  noise  ralio  (dli)  vs.  Time 


Figure  2.  Signal-to-noise  ratio  averaged  over 
one  minute  intervals  plotted  vs.  time  for  a 37- 
minute  interval  beginning  at  12:42:05  on  July  3, 
1988.  The  scale  is  0-15  dB. 


Time  (Miruttcv) 
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n J,  dche, (p0Su'Ve  D°PPler  sh,fts)-  Several  very  interesting  features  are  present  in  these 
WC  n0te,that,at  ‘he  upPer  two  rangc  gates  in  Figure  3,  that  abrupt  widening  of  the 
!S  associated  with  abrupt  increases  in  the  backscattered  power  level  which  can  be  seen  by 

w,d'b  '“"ds  ,h'  * MHz  ■"»'  °f  ,h'  sf'”ai 

Turning  to  the  lower  two  spectrograms,  we  note  that  a jump  in  the  centroid  of  the  spectrum 

W1hiin  thH  fiuSt  1{?  minutes  at  86  0 km-  During  the  transition  period  the  spectrum^idens 
onsiderably  and  the  echo  power  is  reduced.  The  transition  occurs  within  one  minute  This 
spectral  feature  appears  to  be  a special  characteristic  of  the  224  MHz  PMSE  data  and  several 
examples  are  discussed  in  more  detail  elsewhere  (LaHOZ  et  al„  1989-  ROTTGER  et  al  1 080- 
both  in  this  issue).  We  will  return  to  further  analysis  of  this  feat’ure  in  ’a  later  sSn  Soti  also 
that  the  extremely  wide  spectra  in  the  upper  two  range  gates  are  associated  with  an  extremely 

8<^'°  k?'uF,naUy’  w*note  the  apparent  transition  of  a layer  from  the  86.0  km 
gate  to  the  84.5  km  gate  which  occurs  at  25  minutes  into  the  plot.  It  can  also  be  seen  in  Figure  2 as 
adecrease  in  the  power  level  in  the  86.0  km  gate  and  a corresponding  increase  in  the  84.5  km  gate 
°7ne;‘aP  between  the  adjacent  gates  due  to  the  smearing  action  of  the  receiver  filters  is  apparent 
The  spectrograms  show  that  the  transition  occurs  during  a the  period  where  the  velocity  is 
h^^di  lhC  rad^  a1d  accelerating.  The  abrupt  transition  indicates  that  the  layer  must 

beis  tWs  out hm  C°mpared  t0  the  range  gate  sickness  and  the  coherence  analysis  discussed  next 

Figure  4 shows  the  coherence  coefficient  computed  using  a 1 minute  average  (12  data 

:XS  °r  !hC  S3m^  Penod  Sh°Wnfln  Figures  2 and  3-  The  closed  symbols  represent  raS 
coherence  values  with  no  correction  for  the  finite  signal-to-noise  ratio.  The  open  symbols  are 
obtained  by  multiplying  the  raw  values  by  [(1+N1/S1)(1+N2/S2)]1'2  which  corrects  for  the  Was 
due  to  noise  contamination  This  correction  is  only  meaningful  when  the  signal-to-noise  ratio  is 
ntly  ^ °n  h?th  channels*  When  the  SNR  is  less  than  1 on  either  channel,  the  corrected 
coefFlclent  15.set  ,to  ltro-  when  no  signal  is  present,  the  theoretical  coherence  between 
frecluencies  is  0 and  adjacent  time  samples  are  uncorrelated  so  the  number  of  degrees  of 
freedom  in  the  coherence  estimate  is  12x192=2304.  The  corresponding  limiting  (maximum) 

thaT  a re  Cn  >h  serve  h ^ ‘S  °'°36;)  7hlS  leVd  corresP°nds  to  largest  of  the  coherence  values 
that  are  observed  in  the  upper  and  lower  range  gates.  Note  that  increases  in  the  coherence 

thC  n°  Slgnid  f.ve  exPected  whcn  mesospheric  echoes  are  present  even  in 
the  case  when  there  is  no  significant  correlation  between  the  echoes  at  the  two  frequencies  (i  e 
when  the  scattering  layer  is  more  than  300-400  meters  thick).  This  is  simply  a manifestation  of  the 
bias  in  the  estimator  and  its  dependence  on  the  correlation  time  of  the  data.  Thus,  it  is  important  to 
h,C  comPutedcoherence  values  together  with  the  spectral  width  or,  equivalently  the 
^Ih87  sTe  °f  thC  S‘gna'  Retuuming'°  Figure  4,  we  note  the  coherence  levels  seen  in  the  89.0 
and  87.5  km  range  gates  near  the  end  of  the  time  period  are  generally  less  than  0 25  excenr  at 
the  begmmng  in  the  87.5  km  gate.  In  addition,  the  spectra  are  quite  broad  and  even  aliasL  at  t mes 
indicating  that  the  correlation  time  is  short  and  on  the  order  of  or  at  most  a few  times  larger  than  the 
sampling  interval  Thus,  the  bias  should  be  small  which  implies  that  the  scattering  layer  thickness 
is  at  least  several  hundred  meters  thick  (see  Figure  1).  S y micxness 

On  the  other  hand,  the  coherence  values  seen  in  the  84.5  km  and  86.0  km  ranee  eates  are 
quite  large  (approximately  0.70  - 0.75)  after  the  first  10  minutes.  The  sharp  decrease  in  coherence 
8i°  at  25  min.utes  and  the  corresponding  increase  at  84.5  km  corresponds  to  the 
penod  where  the  layer  moves  from  the  upper  to  the  lower  range  gate.  The  coherence  at  84  5 km 
reaches  a maximum  value  of  0.83  (corrected  for  SNR).  In  order  m verify  Zx K values  of 
coherence  are  not  simply  manifestations  of  the  bias  associated  with  the  estimate  due  to  extremely 
ong  correlation  times  or  to  some  kind  of  spurious  feature  in  the  data  we  have  plotted  in  Figure  5 
he  signal  amplitude  at  the  two  frequencies  for  a representative  5-s  period  coLsponding  toThe 
argest  coherence  value  (0.83)  observed  in  the  84.5  km  range  gate.  This  Figure  shows  the 
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Figure  3.  High  resolution  spectrograms 
averaged  over  15-s  intervals  for  time  interval 
shown  in  Figure  1.  The  logarithm  of  the 
spectrum  is  plotted  on  a gray  scale  with 
dynamic  range  of  40  dB.  Doppler  shifts 
on  the  lower  half  of  each  plot  are  toward 
the  radar.  The  range  of  Doppler  shifts  is 
± 19.7  Hz  which  corresponds  to  ± 13.2  m/s. 


Figure  4.  Magnitude  of  the  coherence  coefficient 
averaged  over  one  minute  intervals  for  the  time 
interval  shown  in  Figure  1.  Closed  symbols 
represent  raw  coherence  values  and  open  symbols 
are  coherences  corrected  for  the  finite  signal-to-noise 
ratio.  The  scale  ranges  from  0 to  1. 
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EISCAT  July  3, 1989  13:11:05 


Time  (secs) 


Figure  5.  A 5-second  segment  of  raw  data  corresponding  to  the  interval  exhibiting  the  largest 
adherence  coefficient  (corrected  value=0.83)  showing  the  correlation  between  the  signal  amplitude 
fluctuations  at  the  two  frequencies.  r 
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extremely  high  correlation  between  the  amplitude  fading  on  the  two  frequencies  and  ^oshows 
that  the  correlation  time  is  significantly  smaller  than  1-s.  In  addition,  inspection  of  the  spectrogram 
for  the ^45  to  SaTshows  relatively  wide  spectra  during  the  interval  when  the  coherence  is 
largest.  Thus  the  bias  and  variance  of  the  coherence  estimate  will  be  very  small  and  we  can 
interpret  the  computed  coherence  values  and  the  inferred  layer  thicknesses  as  accurate  es 

The  value  of  0.83  for  the  coherence  corresponds  to  an  equivalent  layer  thickness  of  lWm 
while  the  average  value  of  0.70  corresponds  to  a thickness  of  145  m An  estimate  of  the  95% 
confidence  interval  for  the  estimated  value  of  0.83  was  computed  assuming  a 0.5-second 
correlation  time  and  is  +0.04,  -0.05  (BLOOMFIELD,  1975).  The  corresponding  range  of  layer 
thicknesses  is  86-120  meters.  Referring  back  to  Figures  3 and  2,  it  is  interesting  to  note  that  the 
Weh  coherence  values  observed  at  84.5  km  and  earlier  at  86.0  km  are  associated  with  rather  large 
echo  powers  which  are  of  the  same  magnitude  as  the  echoes  from  the  upper  range  gates  where  the 
coherence  is  small  and  large  layer  thicknesses  are  infen^_  Thus.  com^ete^differem  signa 
characteristics  are  seen  in  adjacent  range  gates  separated  by  only  L5  ^ We ^so  note  mat 
preliminary  analysis  of  150  m vertical  resolution  data  obtained  using  the  EISCAT  VHFradar  and  a 
64  baud  complementary  phase  code  pair  have  shown  on  occasion  that  scattering  layers  are  c°nfmed 
to  one  nmge  gate  - a result  that  is  consistent  with  the  FDI  results  present«l  here.  Finallywenote 
tha^anaWsis  of  the  phase  of  the  coherence  coefficient  shows  the  rapid  downward  motion  of  the 
atKKK  from  the  86.0  km  range  gate  to  the  84.5  km  gate  This  is  shown  in  Figure  6 
where  the  2 n ambiguity  of  the  phase  estimate  has  been  unwrapped  and  the  values  scaled  to 
represent  relative  layw  position.  The  results  are  computed  using  *e  phase  estimate  obtained  from 
both  range  gates.  The  rapid  downward  motion  of  the  layer  between  20  and  29  minutes  on  the  plot 
cieariv  seen  The  transition  between  range  gates  occurs  near  25  minutes  on  thisplot.  Note  that 
the  layer  moves  down  approximately  1200  meters  within  aperiodof9  nunutes.  Thts  corresponds 
to  an  average  downwardvelocity  of  2.2  m/s  which  is  consistent  with  the  spectrogram  shown  in 
Figure  3.  Note  also  the  downward  acceleration  of  the  motion  that  begins  at  23  minutes  on  the  plot. 
This  coincides  with  the  acceleration  seen  in  the  spectrogram  during  the  transition. 

We  now  turn  to  an  analysis  of  the  spectral  jump  that  occurs  in  the  86.0  km  range  gate 
during  the  first  10-m  of  the  plot.  Inspection  of  the  SNR  and  coherence  plots  show  that  the 
coherence  coefficient  is  relatively  low  both  before  and  after  the  jump  and  dips  to  an  even  lower 
value  during  the  jump. 

In  order  to  obtain  more  information  about  the  nature  of  the  spectral  jump,  we  have 
computed  the  coherence  spectrum  S12(co)  for  periods  before,  during  and  after  the  jump.  Figure 1 
Sftife  auto  spectra  and  magnitude  and  phase  of  the  coherence  spectrum  averaged  over  1 
minute  intervals.  These  spectra  are  shown  for  five  1-min.  periods.  The  first  and  las^°  Pen9^ 
correspond  to  the  periods  immediately  before  and  after  the  jump,  and  the  middle  pen 
corresponds  to  the  trLsition.  The  limiting  coherence  at  the  95%  level  for  this  1 minute  average  of 
12  independent  spectra  is  0.49. 

Note  that  the  magnitude  of  the  coherence  spectrum  attains  large  and  statistically  significant 
values  both  before  and  after  the  jump  with  values  as  large  as  0.95  observed.  This  is  in  contrast  to 
the  relatively  small  values  of  the  coherence  coefficient  during  this  interval.  It  should  also  benoted 
that  the  magnitude  of  the  coherence  spectrum  is  large  over  a frequency  interval  coV'esponding  to 
otIv  pan  of  the  auto-spectra.  For  example,  at  12:46:05  and  again  at  12:48:05  and  12:49:05  die 
ffeauencv  interval  containing  large  coherence  is  offset  from  the  center  of  the  auto-spectra.  Note 
SS  that  the  portion  of  the  spectrum  that  exhibits  the  highest  coherence  corresponds  to  the  largest 
Doppler  shifts  both  before  and  after  the  jump.  Even  more  interesting  is  the  phase  spectrum  which 
K a Sac,  positive  slope  jus.  beta,  the  jump  and  a negative  stop.. * 
single  example  of  a similar  phase  slope  feature  was  reported  by  KUDEKI  and  STI 1 1 (1987)  in 
their  FDI  analysis  of  the  coherence  spectrum  of  mesosphenc  echoes  obtained  at  Urbana.  g 

totSplSof  die coherence  estimate  is  directly  proportional  to  the  distance  of  the  scattered  from 
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Figure  6.  The  relative  position  of  the  thin 
scattering  layer  as  estimated  from  the  phase 
of  the  coherence  coefficient  for  the  interval 
when  the  spectrogram  indicates  downward 
and  accelerating  motion. 


Figure  7.  Auto  spectra  and  coherence  spectrum 
magnitude  and  phase  for  5 one-minute  intervals 
before,  during,  and  after  the  jump  in  the  Doppler 
frequency.  Four  curves  are  shown  for  each  one- 
minute  interval.  Gockwise  from  the  top  left;  auto- 
spectrum at  fj,  auto- spectrum  at  f2,  phase  of  the 
coherence  spectrum,  and  magnitude  of  the  coherence 
spectrum.  The  limiting  coherence  at  the  95%  level  is 
indicated  by  the  dashed  line  for  the  magnitude  of  the 
coherence  spectrum. 
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the  radar  the  ranee  of  phase  angles  covered  by  the  tilted  phase  trace  is  therefore  proportional  to  the 
exte'ntof  the  scattering  region  dong  the  line-of-sight  Referring  to  Figure  7 we  note  that  the  phase 
slope  covers  a range  of  angles  corresponding  to  roughly  7t  radians  in  the  examples  shown.  Tins 
corresponds  to  an  extent  of  the  scattering  region  of  approximately  375  m along  die  hne-of-sight 
direction.  This  explains  why  the  coherence  coefficient  was  relatively  small  during  this  period. 

The  simplest  explanation  for  the  linear  trend  of  the  phase  vs.  Doppler  frequency  is  a vertical 
Gradient  in  the  vertical  component  of  the  neutral  velocity.  The  slope  of  the  linear  phase  trend 
corresponds  to  an  effective  vertical  gradient  on  the  order  of  16m-s;  -km-  . This  is  large  and  is 
difficult  to  justify  on  physical  grounds.  It  is  also  difficult  to  imagine  that  such  a large  vertical 
gradient  would  suddenly  change  sign  within  less  than  one  minute.  Since  any  model  hat  we 
choose  to  explain  the  phase  tilts  should  also  explain  the  jump  in  the  spectrum  we  refer  to 
ROTTGER  et  al.  (1989)  who  suggested  two  scenarios  that  could  explain  the  sudden  frequency 
iumps.  One  possibility  is  that  the  echoes  are  partial  reflections  from  sharp  gradients  in  refractive 
index.  If  the  reflecting  surfaces  are  corrugated  or  nppled,  then  the  echoes  will  come  from  one  or 
more  specular  points  on  the  surface.  The  specular  points  can  rapidly  disappeared  new  ones  can 
re-appear  causing  discontinuities  in  the  Doppler  shift  of  the  radar  echoes.  These  authors  have 
numerically  simulated  this  possibility  and  have  shown  that  jumps  exactly  like  the  one  seen  here  can 
be  reproduced.  They  also  point  out  that  partial  reflection  from  a single  layer  is  not  necessary  to 
produce  this  signature  as  rippled  scattering  layers  containing  highly  anisotropic  irregularities  would 
provide  the  same  signature.  We  have  used  the  numerical  simulation  method  to  test  whether  this 
scenario  could  account  for  the  observed  cross-spectral  phase  signature.  We  find  that  linear  phase 
variation  with  Doppler  frequency  can  indeed  be  reproduced,  however  we  were  not  able  to 
reproduce  such  steep  phase  slopes  with  reasonable  parameters.  To  lUustrate  the  difficulty  with  this 
model  we  note  that,  in  order  for  a specular  point  to  exist  within  the  beam,  die  tilt  of  die  layer  must 
tetssSe  half-width  of  the  bekm,  or  less  than  approximately  1.4°  in  this ; case.  If  we  imagine 
a horizontally  extended  and  tilted  layer  drifting  horizontally,  then  in  order  for  h^-of-s^ht  chstance 
to  the  specular  point  to  change  by  375  m it  is  necessary  that  the  tilted  surface  be  translated 
toSy  oveK  distance  of  a,  leas,  375/M(l  .4“)  - 15.3  ta.  No»  in  oto,  to 
the  specular  point  to  change  by  375  m within  the  one-mmute  averaging  period  the  horizontal 
velocity  of  the  layer  would  need  to  be  on  the  order  of  250  m/s.  This  velocity  is  a factor  of  5-10  too 
high  to  be  reasonable.  Furthermore,  when  shorter  integration  periods  we  employed,  the  specular 
point  model  produces  a narrower  spectrum  and  a linear  phase  variation  that  covers  a proportionally 
smaller  range  of  angles  because  the  specular  point  has  less  time  to  move.  We  have  .** 

phase  spectnim  from  the  experimental  data  using  15-s  integration  periods  and  find  that  *e  widdi  of 
the  spectra  and  the  range  of  angles  covered  by  the  phase  slope  does  not  change  significant  y. 
Thus,  the  data  are  inconsistent  with  the  specular  point  model. 

A second  possibility  pointed  out  by  Rottger  et  al.  is  that  the  frequency  jumps  could  be  the 
signature  of  "wave  steepening  or  wave  tilting"  (e.g.  WEINSTOCK,  1986)  which  occurs  as  gravity 
waves  enter  the  amplitude  regime  where  non-linear  effects  become  important  A steepened  wave 
can  distort  a thin  reflecting  layer  or  layer  of  turbulence  in  such  a way  as  to  cause  jumps  in  the 
frequency  spectrum.  The  idea  here  is  similar  to  the  reflecting  surface  idea  mentioned  previously 
however  now  we  do  not  require  specular  reflections.  Instead,  a relatively  thin  tilted  layer  of 
isotropic,  or  nearly  so,  turbulence  drifts  through  the  beam.  The  geometry  ismore  or  less 
equivalent  to  a horizontal  layer  observed  with  a tilted  radar  beam.  The  effect  is  to  add  a component 
the  horizontal  velocity  to  the  line-of-sight  velocity  sensed  by  the  radar.  The  spectrom  will  be 
broadened  because  the  different  parts  of  the  beam  sense  different  line-of-sigh  velocities  For 
narrow  beams,  both  the  line-of-sight  velocity  and  the  line  of  sight  distance  to  the  layer  wiU  change 
in  an  approximately  linear  manner  from  one  side  of  the  beam  to  the  other  Thus,  the  linear 
variation  of  apparent  distance  (phase)  and  Doppler  frequency  can  be  reproduced.  Furthennore,  the 
linear  variation  of  phase  and  the  width  of  the  spectrum  due  to  beam  broadening  will  not  depend  on 
the  integration  time  used  to  produce  the  spectral  estimate  since  the  layer  is  al ways  presen t m the 
beam.  The  sudden  change  in  the  Doppler  frequency  can  be  explained  if  the  sign  of  the  tilt  changes 
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abruptly  as  in  the  picture  presented  by  ROTTGER  et  al.  (1989).  This  appears  to  be  the  most 
reasonable  model  and  could  explain  the  observations.  For  example,  we  noted  earlier  that  the  phase 
nit  corresponds  to  a range  of  line-of-sight  distances  on  the  order  of  375  m.  This  distance  is 
directly  related  to  the  Hit  of  the  layer  in  the  proposed  model.  The  horizontal  extent  of  the  radar 
beam  is  approximately  2.0  km  so  the  effective  tilt  of  the  layer  is  approximately  tarr^(0. 35/2.0)  = 
\ ™ean  Doppler  shift  of  the  spectra  both  before  and  after  the  jump  corresponds  to  a line- 
of-sight  velocity  on  the  order  of  ± 3 m/s.  If  this  is  caused  by  a tilted  layer  bringing  the  horizontal 
velocity  into  view  then  the  relationship  between  horizontal  and  nominal  line-of-sight  velocity  is  v> 
J 7 °i1,7LVh‘L  Th.us’  the  horizontal  velocity  would  have  to  be  on  the  order  of 
3/U.17-17.6  m/s.  Although  independent  estimates  of  the  horizontal  winds  are  not  available,  this  is 
a reasonable  number  and  shows  that  the  observations  can  be  explained  by  the  proposed  model. 

CONCLUSIONS 


We  have  presented  a preliminary  analysis  of  the  first  two-frequency  "coherent  scatter" 
measurements  using  the  EISCAT  224  MHz  radar.  The  FDI  analysis  technique  was  used  to  show 
that  extremely  thin  scattering  layers  with  thicknesses  on  the  order  of  100m  are  sometimes  present 
in  the  polar  summer  mesosphere.  We  were  able  to  infer  the  layer  thickness  with  high  accuracy 
even  though  the  radar  pulse  length  was  10  ps  long,  corresponding  to  a 1.5  km  range  gate 
thickness.  The  layer  position  was  tracked  for  a period  of  10  minutes  until  it  appeared  to  dissipate. 
Furthermore,  we  have  studied  an  example  where  the  Doppler  spectrum  exhibits  a frequency  iump 
buch  frequency  jumps  have  been  found  to  be  a characteristic  of  the  PMSE  observed  at  224  MHz 
fJo0SmVerTw,nt?gU1",g  examPles  have  been  presented  in  LaHOZet  al.  (1989)  and  ROTTGER  et  al 
(iy»y).  We  found  that  the  two-frequency  coherence  spectrum  exhibited  a sloped  phase 
characteristic  just  before  and  after  the  discontinuity.  This  signature  was  found  to  be  consistent 
with  scattering  from  a tilted  and  relatively  thin  scattering  layer.  The  frequency  jump  can  be 
explained  if  the  sign  of  the  tilt  changes  abruptly  which  is  expected  if  the  layer  is  responding  to  a 
steepened  gravity  wave.  These  results  are  based  on  analysis  of  only  a short  data  segment  and 
cannot  be  taken  to  be  representative  of  the  overall  characteristics  of  the  polar  summer  mesosphere 
echoes.  They  serve  to  illustrate  the  potential  of  the  FDI  technique  at  EISCAT,  however.  Further 
analysis  and  interpretation  of  the  excellent  data  set  collected  during  the  1988  PMSE  campaign  is 
continuing  and  results  will  be  reported  in  future  publications.  Finally,  we  hope  that  these 
preliminary  results  will  encourage  the  further  development  of  EISCAT  as  an  MST  radar  In 
particular,  the  possibility  of  running  simultaneous  spatial-  and  frequency-interferometry  is  exciting 
and  should  make  it  possible  to  obtain  even  more  information  about  the  structure  and  dynamics  of 
the  scattering  irregularities.  J 
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ABSTRACT 


Simultaneous  data  on  the  refractive  index  structure  constant  C 2(z  t) 

and6  in66?  1°  taln«updUrin8  3 coordinated  campaign  conducted  on  thensame  site 
And  R VC\V  1*  t T ST  radar  and  an  optical  SCIDAR  (Scintillation  Detection 
te^hnfn"8  8\\J  T WerS  ***  detected  at  the  same  altitude  by  the  Lo 

the  order  of  4 d‘  f ^ °f . the  sarae  order  of  magnitude  (discrepancy  of 
time  „hn  u calibration  uncertainty)  and  the  same  variability  in 

and  not  to  o^ti^Wef t0  ™dio  refractive  index 
INTRODUCTION 


TOJUTi  gamma  leo  April  23  1587 


Fig-  1 - Time  variation  of  C^  measured  by  the  scidar  technique 


21H00  U T 


Time  variation  of  refractive  index  structure  constant  r ^ 
between  1 and  27  km  (Fig.  1).  Strong  signals  can  be  identified  as  higTai  21 
26  kilometers  like  with  a very  powerful  MST  radar  (Poker  Flat,  Jicamarca, 
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But  these  signals  have  been  observed  in  Toulon  where 
not  powerful  enough  to  get  oblique  echoes  higher  than 
results  very  similar  to  MST  observations  have  been  in 
very  different  technique  originally  developped  by  the 
of  Nice  University  using  scintillations  from  double 
gamma  Leo).  The  SCIDAR  experiment  (scintillation 
has  been  set  up  from  late  March  to  early  May  1987  on 
campus  at  about  200  meters  from  the  "Provence"  ST 


Arecibo,  Mu  or  Sousy). 
the  Provence  Radar  is 
20  kilometers.  These 
fact  obtained  with  a 
"Astrophysics  Department 
stars  (gamma  Virgo  or 
Detection  And  Ranging) 
the  Toulon  University 
radar . 

Previously,  a similar  experiment  has  been  performed  near  SUNSET  radar  in 
Colorado  (GREEN  and  VERNIN,  1984)  but  due  to  meteorological  and  tec  n c 
conditions  only  a few  nights  of  comparison  have  been  available  and  larg 
discrepancies  observed  2 nights  amongst  4. 

GENERAL  DESCRIPTION  OF  THE  EXPERIMENTS 

° ThxheT  "Provence"  ST  radar  has  been  described  elsewhere  (CROCHET, 1989  same 
issue)  and  the  main  parameters  are  the  following  : 

- Transmitted  peak  power  : 36  KW 

2 

- Antenna  are:  3300  m 

- Efficiency  including  loss  in  cable  : 0.35 

- Antenna  efficiency  : 0.51 

- Radar  frequency  : 45  MHz 

The  45  MHz  ST  radar  is  selecting  a 3.14  meters  wavelength  in  the  turbu- 
lence spectrum  and  according  to  usual  values  for  the  internal  and  externa 
lengths  of  turbulence  this  wavelength  can  be  considered  to  be  well  inside  the 
inertial  subrange. 

The  turbulent  structure  constant  is  determined  from  measurements  of  the 
signal  to  noise  ratio  with  the  following  hypothesis. 

The  noise  is  the  cosmic  noise  obtained  by  interpolation  from  sky  maps 
(DALAUD1ER  et  al.,1989)  and  the  mean  value  is  of  the  order  of  6000  K outside 
of  the  galaxy. 

2 

The  value  of  the  structure  constant  is  then  : 


C 2 = 2 10_17(— |— ) ( 


10.000 


)2  <_60g_,2  (ill-, 


Ar 


NCI 


with  : S : signal  power 

B : noise  power 
r : range  in  meters 
A r : range  resolution  in  meters 
NCI  : number  of  coherent  integrations 


ii)  The  SCIDAR  technique 

The  SCIDAR  will  select  a range  of  horizontal  wavelengths  in  th® ^""“rs 
subrange  of  the  turbulente  spectrum  between  approximately  5 to  20  centimeters 
(VERNIN  and  AZOUIT, 1983) . 
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The  light  from  a star  is  perturbed  by  the  optical  index  random  fluctua- 
tions due  only  to  temperature  fluctuations  and  the  scintillations  observed  on 
the  ground  are  the  results  of  a convolution  of  the  random  phase  fluctuations 
and  Fresnel  diffraction  filtering. 


With  the  weak  fluctuations  approximation  the  spectral  density  can  be 
related  to  the  intensity  of  turbulence  through  the  following  equation  : 

-11 

W(K  ) = [8  iik2  |i(|  3 ] [0.033  C 2 (h)  6hJ  sin2  (— .f2  ) 

n 2 k 

[Kolmogorov  law]  [turbulence  intensity]  [Fresnel  term] 


related  to  the  space  correlation  function  by  Fourier  transform 

C(?>  = W(Kt)  e_i  KT  • rdiCT 

: k : optical  wavenumber 

K : selected  turbulent  wavenumber 
h : altitude  of  the  turbulent  layer 


The 

telescope 
between 
measured , 
layer . 


scintillation  pattern  through  the  0.84  m plastic  lens  of  a portable 
is  the  superposition  of  the  patterns  of  the  double  star.  The  angle 
the  two  stars  being  known  and  the  correlation  distance  being 
it  is  then  possible  to  determine  the  altitude  of  a single  turbulent 


For  multiple  layers, 
function  is  necessary. 


an  iterative  inversion  of  the  spatial  correlation 


With  the  double  stars  (gamma  Virgo  and  gamma  Leo)  selected  for  the  d 
sent  experiment  the  height  resolution  of  the  scidar  is  about  1000  meters 
the  same  order  than  the  radar  resolution  (600/1200  m). 


re  - 
of 


EXPERIMENTAL  RESULTS 


For  about  one  month  of  experiments, 
tions  have  been  obtained. 


17  nights  of  simultaneous  observa- 


During  3 nights, 
interferences  due  to 
conditions  and  these 
during  another  night 
measurements . 


the  radar  has  been  seriously  perturbed  by  industrial 
sparks  on  an  high  voltage  power  line  during  mistral 
nights  have  been  eliminated  from  the  comparisons  as 
when  the  moon  was  partially  affecting  the  SCIDAR 


Time  evolution  of  the  turbulent 
techniques  is  similar  and  the  mean 
magnitude . 

The  data  have  been  integrated  in 
ponding  to  the  time  of  observation  of 


layers  identified  independently  by  both 
turbulent  level  is  of  the  same  order  of 


time  during  1-2  hours  periods  corres- 
the  same  double  star. 
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The  results  are  presented  (Fig.  2)  with  an  adjustement  factor  of  4 (6d  ) 
corresponding  to  the  mean  difference  between  the  absolute  value  of  the 
structure  constant  determine  independantly  by  the  two  techniques.  At  the 
present  time,  this  permanent  discrepancy  with  the  scidar  value  larger  than 
the  radar  one  by  6 db  cannot  be  explained  and  can  be  considered  as  due  to  the 
non  perfect  calibration  of  both  instruments.  Errors  in  the  radar  measurement 
are  certainly  due  to  inaccuracy  in  the  antenna  efficiency  and  variations  m 
the  cosmic  noise  used  as  a reference.  Some  errors  in  the  scidar  structur 
constant  could  be  due  at  same  altitudes  to  the  complex  iterative  inversion 

process  . 


However,  in  spite  of  this  adjustment  factor  of  6 db 
very  different  by  theirs  principles  are  in  fairly  goo 
above  10  kilometers  where  humidity  does  not  contribute. 


this  two 
agreemen 


techniques 
t (Fig.  3) 


The  deep  minimum  which  is 
significant  because  it  is  below  the 


sometimes  indicated  on  Scidar 
sensitivity  threshold  of  this 


data  is  not 
ins  trument . 


It  has  to  be  noted  that  the  Scidar 
(Fig.  2)  at  the  opposite  of  the  radar 
results  obtained  by  the  scidar  technique 


sensitivity  increases  with  altitude 
sensitivity.  That  explains  the  good 
at  25  Km  (Fig.  1)  like  a MST  radar. 
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Fig.  3 - Some  samples  of  radar  and  scidar  measurements  of  C 2 during  some 

of  the  17  nights  of  observations  n 


CONCLUSIONS  AND  PERSPECTIVES 


The  very  different  radar  and  scidar  techniques  identify  in  real  time  the 


sfrllp”'ere  iS  * 8ener®1  a8reement  between  the  absolute  measurement  of  the 
fo  h * a C°nstanf8  obtalned  independently  even  If  some  progress  have  still 
to  be  made  to  explain  a systematic  discrepancy  of  about  6 db. 


The  scidar  operating  only  during 
more  sensitive  at  high  altitudes  and 
stratospheric  turbulent  layers. 


clear  sky  and  new  moon  conditions  is 
specially  adapted  to  investigate 


The 

altitudes 
tua  tions 


ST  radar  which  is  an  all-weather  instrument  is  more  sensitive  at  low 
due  to  the  range  dependance  and  to  contribution  of  humidity  flue- 
to  the  structure  constant. 


It  would  be  very  useful  to  compare  scidar 
measurements  obtained  by  a powerful  and  well 
Arecibo,  Jicamarca  ?...)  as  a proof  of  the  scidar 
to  use  the  calibrated  transportable  scidar  as  a 
ST  radars. 


measurements  of  C Z to 
calibrated  MST  radar  (MU, 
exact  calibration  and  then 
standard  to  calibrate  other 
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Summary 


Variation  of  scattered  signal  power  with  range  in  atmospheric  radar 
experiments  is  fully  understood  only  for  a point  target  and  for  volume 
scattering  from  a homogeneous  random  medium.  In  these  cases  the  signal 
power  decays,  respectively,  as  inverse-fourth  power  and  inverse-square  of 
range.  Intermediate  cases  of  random  media  with  partial  space-filling 
characteristics  are  numerically  examined  in  a fractal  model.  Planar  targets 
are  successively  divided  into  cells  of  smaller  size,  eventually  reduced  to 
isotropic  'point'  targets.  At  each  stage  of  division,  cells  are  activated  with  a 
probability  p,  which  controls  the  degree  to  which  the  scattering  region  is 
filled  - or  its  fractal  dimension  D.  For  each  realization  of  the  medium,  the 
signal  power  is  obtained  by  coherently  adding  the  complex  receiver  voltage 
due  to  each  point  target.  It  is  found  that  volume  scattering  is  a good 
approximation  even  for  targets  that  only  fill-up  a plane  i.e.  have  fractal 
dimension  D~2. 


Introduction 

In  atmospheric  radar  experiments,  the  dependence  of  received  signal  power 
on  range  of  the  target  is  exactly  known  for  only  two  ideal  cases.  The  signal 
power  due  to  a point  target  falls  off  as  inverse-fourth  power  of  range,  but 
only  as  the  inverse-square  of  range  for  a distributed  homogeneous  random 
medium. 


The  behavior  of  scattered  signal  power  Ps  in  the  two  cases  is  best  expressed 
through  the  radar  equation  [see  e.g.  Tatarskii,  1971;  Doviak  and  Zmic,  1984; 
Collin,  1985;  or  Sato,  1989].  We  consider  a monostatic  radar  experiment  at  a 
frequency  f0  (or  wavelength  X0),  using  a circular  antenna  of  diameter  d with 
on-axis  gain  G.  The  gain  is  related  to  the  effective  antenna  area  A through 
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G=4rtA/(5io)2.  The  antenna  radiates  over  a beam  of  width  6=aX0/d,  where  a is 
nearly  one.  The  target  is  assumed  to  be  in  the  far  field  of  the  antenna 
radiation  pattern. 

Consider  first  a point  target  of  effective  cross-section  a at  range  r.  The  target 
reradiates  a small  fraction  of  the  incident  flux  towards  the  receiver  antenna. 
The  power  in  received  signal  is  obtained  as 

Pi=ffix<,xWxL  = ^.  [1] 

4nr2  4nr2  4®  >1  r4 

where  Pt  is  the  transmitter  power,  and  all  the  losses  have  been  lumped 
together  in  L.  We  note  that  Ps  falls  with  range  r as  r4. 

Next  we  consider  a homogeneous  ensemble  of  many  randomly  distributed 
point  targets.  Ps  is  appropriately  obtained  through  summing  the  contribution, 
on  a voltage  basis,  of  all  the  point  targets.  It  is  conventional  to  assume  that  the 
targets  are  statistically  independent  and  their  contributions  are  additive  on  a 
power  basis.  The  effectiveness  of  this  ensemble  in  scattering  radio  waves  is 
specified  through  a cross  section  av  per  unit  volume.  The  region  of  medium 
that  contributes  to  Ps  is  located  at  a range  r and  is  delineated  by  the  beam 
width  0 and  a resolution  Ar  in  range.  The  nominal  volume  that  contributes  to 
Ps  is  then  V=r2  5Q  Ar,  where  8Q=e2/4  is  the  solid  angle  subtended  by  the 
beam.  Then  the  radar  equation  becomes 

p,.m  xV^A^  xAro,  [2] 

47tr2  4rtr2  64  r2 

Since  V increases  with  r2  due  to  beam  spreading,  the  final  result  that  Ps 
varies  as  r2  appears  quite  reasonable.  We  also  note  that  Ps  is  independent  of 
radar  wavelength  X0,  except  through  ov.  Other  forms  of  the  radar  equation 
for  specific  antenna  shapes  and  illumination  patterns  differ  only  in  numerical 
constants  from  equation  [2],  which  assumes  a well  defined  scattering  region 
limited  by  0 and  Ar. 

Whether  atmospheric  irregularities  that  contribute  to  scattering,  conform  to 
these  extreme  cases  is  dubitable,  especially  in  view  of  empirical  evidence  for 
their  temporally  and  spatially  intermittent  structure  [Rastogi  and  Bowhill, 
1975;  Fritts  and  Rastogi,  1985].  The  exact  power-law  dependence  of  Ps  on 
range  r is  a function  of  the  extent  to  which  the  target  fills  the  medium.  It 
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varies  from  r4  for  a point  target  to  r*  for  a distributed  random  medium, 
which  spatially  fills  up  the  scattering  region  V.  Intermediate  cases  are  not 
amenable  to.  analysis  but  have  some  implications  on  suitable  scaling  laws  for 
radar  probing  of  realistic  random  media. 

In  this  note  we  examine  the  range  dependence  of  Ps  for  these  intermediate 
cases.  The  extent  to  which  the  scattering  region  V is  filled  is  controlled  by  the 
fractal  dimension  D of  the  ensemble  of  point  targets.  A brief  review  of 
fractals  is  included  in  the  next  section.  The  scattered  signal  power  Ps  is 
obtained  by  adding  the  contributions  of  point  targets,  at  the  receiver,  on  a 
voltage  basis.  Range  dependence  of  Ps  as  a function  of  D is  then  examined. 


Fractals  as  models  for  a random  medium 

Many  natural  objects  which  show  structure  at  a hierarchy  of  scales  cannot  be 
described  through  smooth  functions.  Their  structure  can  be  convincingly 
represented  through  the  use  of  fractals  [see  e.g.  the  authoritative  essay  and 
treatise  by  Mandelbrot,  1977  and  1983],  The  following  very  brief  remarks 
serve  only  to  introduce  the  notation,  specifically  the  definition  of  fractal 
dimension  D and  its  relation  to  the  Euclidean  dimension  E and  topological 
dimension  Dj. 


The  simplest  fractal  is  any  natural  irregular  curve  (of  topological  dimension 
Dr  = 1)  drawn  on  a plane  (in  Euclidean  dimension  E=2).  The  length  L along 
the  curve  can  be  measured  by  using  yardsticks  of  length  y,  put  end  to  end 
along  the  curve.  L(y)  generally  depends  on  y,  and  in  fact  increases  as  y is 
made  smaller  unless  the  curve  is  a straight  line.  The  slope  or  gradient  of  L(y) 
with  y on  a log-log  plot  indicates  how  irregular  the  curve  is.  For  a straight 
line,  the  slope  is  indeed  zero.  The  fractal  dimension  D of  the  curve  is  defined 
through 


dlog  L(y)  = lp 
d log  y 

and  is  indeed  1 for  a straight  line. 


[3] 


An  artificial  but  instructive  example  of  a fractal  curve  is  the  (triadic)  Koch 
curve  (Figure  1).  We  start  with  a line  segment  of  unit  length  and  divide  it  into 
three  equal  segments.  The  center  segment  is  replaced  by  two  sides  of  an 
equilateral  triangle.  The  total  length  is  now  4/3,  measured  with  a yardstick 
y=l/3.  If  this  operation  is  repeated  on  each  segment,  we  obtain  a total  length 
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of  (4/3)2  now  measured  with  a yardstick  (1/3)2.  The  operation  can  be 
iterared  an  arbitrary  number  of  times.  A.  each  yardsuck  V 

-32  -pe 

to”(40)/log(l/3)  to  1-D  as  D=log(4)/log(3)=1.262.  The  value  < * ’ 
than  Dt=  1 as  the  Koch  curve  is  more  irregular  than  a straight  line.  Yet  D is 
considerably  less  than  E=2,  a value  that  is  approached  for  a very  irregular 
rS tends  to  fill  the  entire  plane.  The  Koch  curve  be  r^dmmzed 

without  changing  D,  by  selecting  the  segment  to  be 

results  of  throwing  a die.  By  putting  Koch  curves  on  the  three  sides  or  an 

equilateral  triangle8  one  obtains  a Koch  island  enclosed  by  a fractal  coastline. 


FIGURE  1.  The  fractal  Koch  curve  in  successive  stages  of  construction,  and 
the  Koch  island  obtained  by  applying  this  construction  to  the  sides  of  an 
equilateral  triangle.  These  curves  have  a fractal  dimension  D- 1.262  as 

discussed  in  the  text. 
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A construction  similar  to  above  considers  a distribution  of  points  (DT=0)  on  a 
straight  line  (i.e.  in  Euclidean  dimension  E=l).  It  begins  with  a unit  linp 
segment.  The  center  one-third  of  the  line  segment  is  deleted  The  same 

STdTstrCoV' ll?tiVelyt  t0  Und^leted  segments.  This  construction 

on  a ^ so  called  Cantor  dust> with 
^log(2)/log(3)-0.631.  Once  again  we  find  that  D lies  between  Dx=0  and 

As  our  next  example,  we  begin  with  a unit  square  (in  E=2)  The  sauare  is 
divided  into  n2  equal  subsquares  of  side  n-i,  and  this  process  can  be  iterated 
, Euclldean.  dimension  (E=2)  for  an  area  is  recovered  by  noting  that  at 
each  stage  of  division  the  yardstick  length  is  reduced  by  a factor  n as  n2  new 
JTJT  created  and  E=2=log(n2)/log(n).  Now  suppose  onty  a fracTon 
p>n  of  subsquares  is  filled  at  a stage  of  division,  and  the  process  is  aDDlied 
iteratively  only  to  those  subsquares  that  have  been  filled.  After  several 
erations,  the  unit  square  is  filled  with  an  apparent  random  pattern  of 
S °r  d°,s  °f  rmiK  UK  fractal  dtaaSL  D oTZ  a! 

\ but  ^ be  as  smaU  as  At  each  iteration,  the  number  of  subsquares 
“vervld  .byfthe,pattem  1S  P n2  while  their  side  is  reduced  by  a factor  n D can 

The  artrfY  fU1f 1 d m 30  anal°gOUS  way  as  log(P  n2)/log(n)  or  2+log(p)/a0g(n) 
The  additive  factor  is  actually  negative  or  zero,  since  p<l. 

The  fraction  p may  also  be  regarded  as  a probability.  Then  the  pattern  is 
^uly  random  and  statistically  self  similar  under  magnification  The  extern  to 

rwEene„-„n2°n  LaItem  "!?  *e  ™ tiquare  can  be  controlled  by  selecdng 
oJStn  5S  • ? 1be“mes,°-  ^ to  E=3  should  be  obvious  w,th 

g(p  n )/log(n).  Examples  of  realizations  of  random  dots  on  a Diane  are 
shown  m Figure  2.  The  dots  may  be  regarded  as  random  pok^argeTs  in ^ 
radar  scattering  experiment.  Such  examples  then  serve  as  the  E ?0r 
numerical  experiments  described  next.  aSIS  *°r 


Formulation  of  scattering  from  a fractal  medium 

We  have  used  a numerical  simulation  of  radar  scattering  to  studv  rh* 
vananon  of  signal  power  with  range,  wavelength  and  aspect  of  the  target  In 
h,s  formulation,  the  response  of  a monostafic  radar  to  an  isotroot  noim 

S target 'adoS/^T'  A ^ SCattering  cross  se<*on  is  assigned  to  the 
p nt  target.  A pomt  target  s;  at  a pomt  n is  iUuminated  by  a beam  that  is 

uniform  over  its  width  e.  The  scattered  electric  field  E;  at  the  receiver 

antenna  under  the  far-field  assumption  varies  with  the  distance  r,  to  the  target 
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FIGURE  2.  Random  patterns  of  dots  on  a 64x64  grid.  At  each  step  of 
division  a cell  is  divided  into  4x4=16  subcells  which  are  then  selected  with  a 
probability  p>42.  The  steps  are  iterated  three  times  due  to  finite  pixel  size. 
The  parameters  p and  D increase  from  left  to  right.  Two  different 
realizations  are  shown  for  each  case.  Such  patterns  model  realizations  of 
point  targets  in  a distributed  random  medium.  The  fractal  dimension  D, 
controlled  by  the  parameter  p,  determines  the  extent  to  which  the  medium 
fills  up  the  plane. 


as  (ri)-2,  and  its  phase  changes  by  -4rcrA0.  The  complex  signal  v,  at  the 
receiver  output  is  linearly  related  to  Ei.  The  signal  power  due  to  an  ensemble 
of  point  targets  is  obtained  from  the  accumulated  complex  voltage  v-Zi  v„  as 
P =w*.  This  assumes  that  the  point  targets  are  statistically  independent  and 
the  Bom  approximation,  that  scattering  of  the  scattered  field  is  insignificant, 
holds. 


In  actual  simulation,  we  have  considered  planar  on-axis  targets.  This  limits  us 
to  D<2  in  a Euclidean  dimension  E=3.  A fractal  target  with  D<2  is  generated 
by  subdividing  the  scattering  region  of  4096x4096  points  into  16-4x4 
subcells  at  each  of  six  successive  steps.  At  each  step,  a subcell  is  switched  on 
with  a probability  p.  Typical  realizations  of  random  points  on  a plane  are  as 
shown  in  Figure  2.  Full  simulation  of  a volume  target  with  ~64  billion  pomts 
is  clearly  impractical  for  computational  reasons. 


In  physical  terms,  a linear  dimension  of  0.1  m is  associated  with  each  point 
target.  The  linear  size  of  the  scattering  region  is  then  ~ 0.4  km.  For 
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computational  reasons,  the  beam  width  and  range  resolution  are  kept  constant 
at  0-0.9  and  Ar=0.32  km.  Five  values  for  each  of  the  following  parameters 
were  used  : target  range  r from  5 to  20  km,  zenith  angle  £ from  0°  to  20°, 
wavelength  X0  from  3 m to  1 m.  The  probability  parameter  p that  controls  the 
fractal  dimension  D was  varied  from  0.3  to  0.7  in  increments  of  0.1.  For 
each  of  the  625  distinct  cases,  Ps  was  averaged  over  20  different  realizations. 
The  scaling  law  for  dependence  of  Ps  on  any  parameter  e.g.  the  range,  is  then 

obtained  through  regression  analysis.  Only  the  range  dependence  is  discussed 
in  this  paper. 

The  parameter  values  reflect  typical  middle-atmosphere  radar  experiments. 
At  some  radars  that  use  large  antennas,  e.g.  Jicamarca  and  Arecibo,  near- 
ed effects  are  significant.  These  are  simple  to  include  and  will  be  of  interest 
in  our  future  work  as  the  radar  equations,  [1]  and  [2],  are  valid  for  the  far- 
field  only. 


Results  for  range  dependence  : Discussion  and  interpretation 

We  stipulate  a power-law  relation  of  the  form  Ps~rf>  for  range  dependence 
of  scattered  signal  power.  The  exponent  p is  4.0  for  a point  target  and  2.0  for 
a target  that  spatially  fills  up  the  beam,  i.e.  has  D=3.  The  exponent  p was 
obtained  by  linear  regression  of  log  (Ps)  on  log  (r),  in  the  numerical 
experiment  described  above,  for  five  distinct  values  of  D between  1.13  and 
1.74  at  wavelength  ^=2.5  m and  zenith  angle  C=10°. 

Figure  3 shows  the  variation  of  p with  D for  the  five  cases,  and  also  the 
extreme  cases  D=0  and  D=3.  A linear-least  square  fit  to  the  five  points,  and  a 
cubic  spline  fit  to  all  seven  points  are  shown.  The  volume-filled  case  (P=2.0), 
is  well-nigh  attained  for  D as  small  as  ~2  i.e. for  targets  that  only  tend  to  fill 
up  a plane.  For  D>2.3,  the  approximation  p=2.0  holds  to  within  5%. 

The  above  result  does  not  necessarily  hold  for  for  all  target  orientations  For 
a planar  target  oriented  perpendicular  to  the  beam,  and  for  all  targets  near 
vertical  incidence,  signals  from  point  targets  within  a Fresnel  zone  add 
coherently  or  on  a voltage  basis.  Evidence  for  these  coherent  reflections  [see 
e.g.  Rastogi  and  Rottger,  1982]  has  been  noticed  in  our  numerical 
experiments  and  these  cases  are  being  examined  further. 


The  simple  fractal  model  of  a random  medium  used  above  is  still  far  from 
realistic  as  it  does  not  include  spatial  inhomogeneity  evident  in  thin,  stratified 
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layers  of  turbulence  routinely  observed  in  the  atmosphere,  fractal 

models  e.g.  those  using  an  anisotropic  cascade  [Lovejoy  and  Schertzer  198 6] 
are  successful  in  representing  such  layers  and  will  be  used  in  our  future 

work. 


Fractal  Dimension,  D 


FIGURE  3.  Variation  of  the  parameter  p,  in  a power-law  range  dependence 
of  signal  power,  on  fractal  dimension  D.  Extreme  cases  of  point  ta  g 
(D=0)  and  volume  scattering  from  a homogeneous  random  medium  P ) 
are  shown  by  hollow  circles.  Solid  circles  are  the  averages  over  twenty 
realizations  in  a numerical  experiment.  Dotted  line  is  the  least  square  linear 
fit  to  these.  Solid  line  is  a cubic  spline  drawn  through  all  the  seven  points 
first  the  parameter  p falls  linearly  with  D,  but  tapers  off  near  D~2  to  the 
volume-scattering  case.  [^=2.5  m,  £=10°]. 
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measurements , and  source  effects . 

H irv  i n the  mesosphere  and  lower 
The  temporal  variations  in  wave /At  tail  at  at  least  two  stations, 
thermosphere  have  been  addreasa  , ld  both  show  evidence  for  semi-annual 
Observations  at  Saskatoon  and  Adelad^  below  about  85-90  km.  with  the  minima 
variations  in  wave  activity  at  h g zonal  flow  at  the  equinoxes 

in  activity  coinciding  with  t e reve *SMEEK  X986*  EBEL  et  al . , 1987).  An 
(VINCENT  and  FRITTS  • ■ wave motions  show  pronounced  anisotropies, 

interesting  feature  is  th  north-south  alignment  for  waves  with 

At  Saskatoon  there  is  a d^  e al  1987)  while  at  Adelaide  the  motions 
periods  less  than  1 hr  (EBEL  et  ± summer  and  almost  NS  in  winter 

tend  to  be  aligned  in  the  NW-SE  ^nation  of  ^ by  ECKERMANN  and 

(VINCENT  and  FRITTS,  Anisotropies  are  also  manifest  in  the 

VINCENT  (1989)  shows  that  t The  found  a very  similar  seasonal 

stratosphere  over  central  Austral!  ™ Adelaide  in  the  mesosphere, 

alignment  of  wave  motions  to  Atlv  caused  by  the  removal  of  waves  by 
The  anisotropies  appear  b* i th  the  mean  winds  as  they  propagate  up  from 
critical  level  interac  ° preferred  sources  of  wave  activity, 

below  but  also  appear  to  indicate  p fluxes  made  with  the  dual-beam 

Sr.cc  measurements  .£  “'“g"1'  ' <W»7>  end  FRITTS  .»d  VINCENT 
technique  -et.  reported  by  REM  rh.t  the  Urges. 

(1987).  These  studies  supplied  waves  Accelerations  of  the  order 

associated  with  relatively  inferred.  It  is  not  yet  certain  what  role 

of  several  tens  of  ms  ay  "e  stratosphere,  although  it  could  be 

SSSTSS5  d 

foih-5^1p^iro„”r.rn:.ic..T.uu«-  .£  - , — — 

by  ECKERMANN  and  VINCENT  (1989) . 

T.  date,  the  only 

the  80-100  km  region  ls  Ch®  ® And/a  weak  semi-annual  variation  in 
MHz  radar  at  Adelaide.  Hocking  i d uke  the  gravity  wave  activity  at 

— the  equinoxes , although  there  can  be 
significant  inter-annual  variability. 

Wavenumber  and  frequency  spe; of 
- universality"  of  slope  and r^itv  theses  have  been  developed  in  terms  of 
two).  To  explain  this  universality  th  ^ terms  of  the  dispersive 

two-dimensional  turbulence  (GAGE.  1 ) m 1982) . Recently,  there  has 

properties  of  internal  gravity  wav  spectra  in  a manner  consistent 

been  considerable  progress  in  descr  g | and  SMITH  et  al.  (1987) 

S eh.  latter  hypothesis.  DENAR  sn^COOD  .„.™.b.r  (.) 

have  suggested  that  the  m si  P litude  limits  imposed  by  saturation 

spectra  at  high  wavenumbers  (1987),  for  example,  show  that  a 

of  the  gravity  wave  motions.  SMITH  et  al.  I 
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wavenumbers  greater  than  some  characteristic  , , 

asymptote  to  a value  of  ~N2/(6m3')  uh»r  m ~ f1*  tbe  spectra 

At  wavenumbers  lower  than  the  sloje  tender  Valsala-»runt  frequency, 
studies  have  made  high  height  resolution  i ° to  zero-  A number  of  MST  radar 

spectra  in  the  lower  atmosphere  raiT^  gatl°nS  °f  "dumber 

Flat  MST,  found  excellent  agreement  with^h  t ^1987^’  “sing  the  Poker 
dominant  vertical  scales  (~l/m  ) of  aho  saturation  hypothesis  and 

approximate  values  -15-20  km  at  the  mesopaus^  6 lg  t0  reach 

An  important  consequence  of  thp  ar-air-r^  i 

frequency  spectra  is  that  ft  has' been tolslbl  hyP°thesis  of  renumber  and 
behaviour  of  the  wave  field  as  the  propertied  t predictiona  about  the 

as  stability  and  wind  speed,  changeP  VANZANDT  ° H m^Cker°Un<l  “edium,  such 
investigated  how  the  distribution  of  d!  FRITTS  (1989)  have 

as  the  waves  propagate  into  a region  where  ChangCS  as  a Unction  of  m 

a rapid  loss  of  energy  which  "P^y:  they  predict 

dissipation.  It  will  be  an  important  t “re  as  lncreased  turbulence 

regions  where  significant  height  gradients  of TofJ  f°r  ^ 6ffeCtS  in 
tropopause  and  the  high  latitude  mesopause  Ln  ?ften  °^CUr’  such  as  at  the 

important  when  the  background  wind  speed  becom  siting  effects  become 

than,  the  mean  horizontal  phase  speed  of  S comParable  to,  or  greater 

shifting  affects  both  the  spectra  of  hori  (~N/m*)-  How  Doppler 

has  been  comprehensively  investigated W FRITtJ  fluctuations 

work  shows  that  great  care  is  rebuffed  when  ”rr  VANZA™T  (1987).  Their 

based  frame  are  compared  with  model  specffa  b measuted  in  a ground 

redistributed  to  high  (ground-basedl  frln  because  energy  can  be 
can  show  significant  departures  from  Le  vdsl'  frequency  sP*ctra 

rn-^=.motions:  - 

MST  radars  is  well  suited.  BOWHILL  and  PNA^ma t"tm^ a hei6ht  resolution  of 
correlation  between  wave  activity  in  the  1 LINGAM  (1986)  found  a good 
of  cloud  tops,  which  suggested  that  conv/r"  stracosphere  and  the  height 
ln  topographically  flat  areas  such  as  Illinoi"  dh*"  ^POrtant  wave  source 
of  activity  in  both  the  stratosnhene  “U  s-  They  f°und  that  the  levels 
which  is  one  of  the  few  direct  examples' “eS°spbere  were  also  correlated, 
lower  and  upper  atmospheres.  However  it  is^o-'T  W3Ve  COUpling  between  the 
he  cause (s)  of  enhanced  wave  activity  (e  g ™ p°ss^b^e  Co  determine 

Certainly,  in  assembling  a source  i’g'  FRITTS  and  CHOU,  1987). 

the  full  meteorological  situation  which  pertains  L "eC6Saary  to  be  aware  of 
For  example,  UCELLINI  and  KOCH  (1987)  in  rh  < f1"6  the  observations . 

events  recorded  by  micro-barographs  found  fhff  T ^ °f  SCron6  wave 
region  on  the  equatorward  sidf  of  the  efu  they  were  confined  to  a 

probable  wave  source  was  shear  or  geostroohd*5 T J6t  Streaks  and  the 

jet^  It  is  therefore  possible  that^wo  radars  lodr^6"*  assocfated  with  the 
je  stream  axis  might  measure  different  levels  f3  3 °n  opposite  sides  of  a 
important  source  of  mesoscale  va  L ?f  Wave  act^ity.  An 

studying  is  topography  Aircraft  mf  1 y "h ich  radars  have  difficulty 
show  that  topography  contributes  stronglv^e^  T*?,  ^ GASP  camPaign. 

n the  4 to  80  km  range  (NASTROM  et  al  i987>e,R3a  y 3t  borizontal  scales 
importance  of  topography  as  a source  of  wl  ' a Ca"  helP  asses  the 

atmosphere  if  observations  made  in  flat  region  tUrbulence  i"  the  middle 
made  in  topographical  rich  areas.  gion-  are  compared  with  those 
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SUMMARY  AND  RECOMMENDATIONS 

A feature  of  gravity  wave  and  turbulen «v^fi^a^0^ePmeasu?eLntsth^is 
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tropospheric  convection  and  fronts,  as  well  as  severe  ween, 

as  typhoons,  as  wave  sources  other  rei  1'  weather  systems  such 

El  SCAT  VHF  radar,  Che  mobile  SOUSY  radar  arA^"6"  radarS  includi"g  the  the 
of  the  strong  scattering  at  VHF  from  the  summer^gh^laUtud^mes0  make  “** 

££.*  n,“b'r  °f  “V*  *«““■  1 £ ”“s:r  “ 

1 Ky0'0  m,  ™ “P>y  l-.n.tr.ted 
studies  which  made  use  o?  the  Janidabrange  °f  f°PlCS-  Am°ngSt  Chese  were 
momentum  fluxes  in  the  troposphere  an^over^Cr!, tosphe^'^he'se"0  meaSUre 

werrnoriJconriJtLtTthSJrifiMnt1temPOral  varlability  ir>  Che  fluxes, 

S2S?  £%£X 

superposition  of  waves  present  in  rather  a wide  spectr^ 

Progress  was  apparent  in  spectral  studies  w-f  rh 

as  to  the  cause  of  variations  in  sDectral  ’ h . Prevlous  uncertainties 

frequency  domain  (especially  for  vertical  m^onsf  T*nitUd*  ?*>  the 
effects  of  Doppler  shifting  bv  rh&  ha  i_  ^ ■ e*nS  resolved  when  the 

FRITTS  and  VANZANDT,  1987)8  V ckground  flow  are  taken  into  account 

way  dto  \ddressing  some 

identified  at  the  last  MST  ^ A 

measures  "of  ^geographic^var  iabilit6"3^ 6 ' ^ ^ WiU  pr°^d*  bett^ 

causes  and  effects  of  variabil“7  HT  ““  tUrbulence'  <2>  What  are  the 
(3)  How  important  are  non-zo^lfv'orooa^Mn  S°UrCe  effeCtS  and  filtering? 
importance1?  (4)  What  are  rhe  ^ P P ® in®  waves . and  what  is  the 
* , ’ ' ' wnat  are  the  consequences  of  wave  saruraMr>n?  u™  a 

- - 

s^srJ.rsss.r 

On  a more  pragmatic  level,  it  is  now  amarP„f  ,-Kat. 

frequency  spectra  from  different  ? k Care  13  re<luired  when 

and  with  model  spectra  It  is  re  S,a*ie  u°  b<3  comPared  with  each  other 

after  the  spectra  are \\  ^ V°mPariSOnS  take  Place  °nly 

It  is  also  desirable  thaJ  spectra  should  **?  bafgtOUnd  wind  ^ed" 

time,  several  tens  of  hours  at  least  in  ordff^^13^  °VCr  ^ aPPreciable 
degree  of  reliability.  ’ 1 d achieve  a significant 
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,,  c <-v,a  rnlp  of  waves  and.  turbulence 
In  order  to  achieve  a full  un  e^st^  th  t whenever  possible  radar 

in  the  middle  atmosphere  it  is  ^esira  other  technlques,  such  as  Rayleigh 

measurements  be  made  in  conJ“^  there  is  significant  uncertainty  about  the 
scatter  Ildars . In  this  context , there  is^signt  ^ widths  Co 

conversion  factors titrates  To  help  overcome  this  deficiency,  it  is 
turbulence  dissipation  ra  • common-volume  intercomparisons 

strongly  recommend^  that  measurements  of  turbulence 

between  radar  and  in  sit  ( g-  wherever  possible, 

intensities  and  dissipation  rates  should  made  wnere  P 
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RADAR  measurements  of  atmospheric  turbulence  intensities 

BY  BOTH  Cn2  AND  SPECTRAL  WIDTH  METHODS 


W.K.  Hocking  and  K.  Lawry 

Department  of  Physics  and  Mathematical  Physics 
University  of  Adelaide 


used  to  measure  turtu^nt  energ^ disslpati^' * °f  AuStralia  has  been 

stratosphere.  Two  quite  different  technln  ” ^ *S  k”  tbe  troPosPbere  and  lower 

the  absolute  back-scattered  nower  of  ^ “V?  beCn  Utllized:  °ne  utilizing 

one  utilizing  the  spectra!  widths  of  ^ 6t  a1'  1980>  a"d 

h rax  wiatns  of  the  scatterers  (HOCKING , 1983a,b). 

has  been  ^Meved^by  usinlTnoJse  s^urce^V*  Pr°Perl?  calibrated.  and  this 
noise  temperature  of  the  sky  aboie  the  r!n'  “ example,  fig.  1 shows  the 
comparing  temperatures  * 

has  also  been  oossiblp  fn  nio^n  i * j _ , 11  array  of  Yagi  antennas,  it 

«~y  «•«■;  it’SSi'i.t  , f M,,.tmIn  °Mh*  C°-C“  *“»"• 

then  be  used  to  convert  the  received  sienal  sf  fficient.  The  calibrations  can 
shown  for  example  in  fig.  2 Tbl  Ult  of  C°  estimates  °f  C„*  , as 

values  are  comparable  to  those  of  the  Plattevin  Ve“ical  was  used-  These 

Under  certain  assumptions  ou!l!ned  bv  Jagf  , t NASTR0M  al.  1986). 

Cn2  may  be  converted  to  e t of LrtuLnt  ( IV  theSC  estimates  of 

sample  is  shown  in  fig.  3.  turbulent  energy  dissipation  rates,  «.  A 

determined  spectwl  hIlf!iid!hdetH™iv!r£thistwid!h  ‘he ! experimentally 
turbulence,  and  "instrumental"  aff«  e 145hi®  idth  is  due  to  a combination  of 
broadening.  A sampLZct^  wf!h  r ^“-broadening  and  wind-shear 
the  measured  spectral  half-widths  are^o*11881^1'^  iS  Sh<>Wn  ln  fig'  4'  W*181* 

widths  (fig.  5!  it  is  clear  that  th"  C°mpared  Co  the  "Instrumental"  half- 
over  and  above  the  "instrumental  effect"*  ^ spectral  widths 

wider  beams,  like  the  SOUSY  radar  (eg  HOCkSg V IVt  radars  ”lth 
of  the  observed  spectral  widths  is  instrnm  1-  i ^°r  which  tbe  major  cause 

a two-way  half-poSer-half-w^h  of  1 (The  Adelaide  VHF  radar  baa 

res Idual  ^spec  tral^idch  » P““lbl‘  “ — «» 

che  Brunt -Vaisala  N frequency  Is  known*  e?ergy  jIIi®lpar lon  rates,  provided  that 
ti8.  6 and  . sample  .^L^Inf^  7*  !"Pl*  p"«>*  1»™  In 

and  a^UprtflUa^^n^t”  """l’'"  tor  “»  ■“««“  »<  >•«  October, 
shovm  in  fig.  8 This  profile  was  mPe^ature  and  Brunt  Vaisala  frequency  are 

rate,  of  fl*,.  6 JK.'SSi’S.”  “J, „“■&?  "S*”*- 

square  fluctuating  velocity.  being  the  mean 

r.t..E:;vh,oi*.h™"op;"^;  :„tad“;r"‘n:ne  the 

make  simultaneous  measurements  of  e bv  botir?°VteP  ln  chese  analyses  is  co 
them  for  validity.  Xh.se  c^n^r  ^1^  JLTKS.. 
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Fig.  3. 


Typical  height  profile  of 
Cn2  method. 


energy  dissipation  rates  determined  by  the 


The  spectral 
a Gaussian 


Altitude  (km)  * f^iexpt.)  Hz. 
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Fig- 


Date*  31-10-86 
Chleq-  Reject  I on=  0.30 


v *4  •*  ******1  ,* 


fi/z  (beam- broad£n(ri9 ) 


Scatter  plot  of  experimental  spectral  half-power-half-widths  vs.  the 
half-width  expected  du. * to  beam-  and  w^ear  bro^en^g^  ^ 

= xt£r& 


6 . Typical  height  profile  .f  -»  «.alp.tl«n  rat.. . «"«••* 

over  a 24  hour  period 
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ADELAIDE  VHP  RADAR . 1986 

ALTITUDE  5 KM 


Fig.  7. 


Fig.  8. 


Time  sequence  of  hourly  mean  turbulent  energy  dissioatinn  ^ 
an  altitude  of  5km  in  October  and  November  1986 


for 


Height  profiles  of  temperature 
for  Oct.  31.  1986  at  0730  local 
radiosonde  release  was  made  just 


humidity  and  Brunt-Vaisala  frequency 
time  (30  Oct  1986  at  2200  GMT).  This 
prior  to  the  data-run  shown  in  fig. 
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0.  ABSTRACT 

The  spectral  intensity  of  radar  returns  from  scattering  layers  in  the  atmosphere  is  a powerful  tool  to 

lavei  ? fi^  °ngIHg  and.dynam,cs  of  the  layers-  *e  scattering  mechanisms,  and  the  relations  of  the 
layers  to  other  geophysical  and  geomagnetic  phenomena.  The  dynamic  spectra  of  PMSE  layers  as  a 

5SS  lw  1 "r  “d  ^ of  experiments  carried  outlringsumme 
of  1988  show  an  impressive  number  of  phenomena.  Wave  behaviour,  evidenced  by  quasioeriodic 
variation  of  the  Doppler  frequency  as  a function  of  time,  is  present 

frequencies  equivalent  to  vertical  motions  of  10  ms 1 * and  larger  are  not  rare.  Intriguing  structures^ 
seeming  discontinuities  of  the  Doppler  frequency  and  braid-like  forms  occur  also  quite  frequently 

l.INTRODUCTION 

The  accompanying  paper  in  this  issue  by  LA  HOZ  et  al.  (1989a)  contains  a description  of  the  exneri 
ments  hat  we  earned  out  during  the  EISCAT  PMSE  campaign  in  the  summer  of  1988.  The  data  that 

w ,^:  m *“  papCr  Werc  c°llected  durin8  *is  campaign.  As  these  results  are  preliminary  we 
, ^strict  our  presentation  mostly  to  a qualitative  description  of  the  data.  More  elaborated  results 
and  physical  interpretations  will  be  presented  elsewhere. 

1500  UT^we^h  haVC  iS  rclative,y  Sfma11  ^ covcrs  only  *c  day  time,  mosUy  between  0900- 
iS  I ^ am°Unt  nCW  information  contained  in  the  data  is  substantial.  Here  we  have 
“ “ type,S  °fe^entS  ^ we  wil1  show  illustrations  of  them  in  an  equal  number  of  sections 
In  Section  2 we  desenbe  a wave  event;  in  Section  3 the  occurrence  of  adeeming  discontinuity" n 
the  vertical  verity  of  the  scattering  layers;  Section  4 shows  fine  temporal  structure  of  the  vertical 
velocity;  and  in  Section  5 we  show  an  event  characterised  by  a sudden  broadning  of  the  signal  spectra. 
2.LARGE  AMPLITUDE  WAVES 

s -*•  “P"11"'”1  code'Mm«l  PMSE3C  earned  out  on  July 
' 988  b^een  0848  and  1402  UT.  In  this  experiment  we  attained  a range  resolution  of  300  metres 

^nnTT1  bltW“n  80 10  92  km-  ne  shown  in  the  figure  have  been  integrated  for  30 

in  thetovenZ?  *°  *“!!  ° LA  H<?  Ct  * (1989a> this  ^ *e  normalisation  tere  is  done 
assignments  $°  * ^ °f  “tensity  in  time  Pre*erved  by  the  grey  code 

, 8“ng)  "JultiPle  layers  ab°ut  1 km  in  thickness  are  closely  concentrated  roughly  between  82 
and  88  km.  The  intensity  in  these  layers  reach  up  to  31  dB  above  the  backgrlS  noise  £EXl£ 

ret  Wriblilavef  °"  ^ '°W  ^ ***  WCak  sig"als  rcach  °^«de  the  boundaries  of 

irhnnlyh  jh  sometimes  covering  even  the  entire  altitude  window  of  the  measurement- 

although  they  are  not  so  obvious  m this  type  of  figure.  Among  other  features,  most  of  which  we 
will  not  touch  upon  here,  there  are  ondulations  and  oscillations  sometimes  with  a striking  sinusoidal 

1 uPPer  was  chosen  lo  cover  95%  of  the  distribution  of  intensities  Since  the  lower  side  of  the 

dismbuuon  contains  also  ‘‘pure"  noise,  the  lower  limit  is  set  at  a somewhat  smaller  "31“  coZ Jeree  2 

extreme  values  are  outs.de  the  given  limits  of  the  code.  Of  course,  they  are  coded  at  these  limit  vi 


SP-GE-PMSE3C-V  Ol/JUL/88 


Fig.  1.  Grey-coded  power  map  of  PMSE  with  illustrations  of  wave  signatures 
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SP-GE-PMSE3C-V  01/JUL/88 


*flc°  ■HHMfcBS  11  {WOO  Ot 


11:40 
TIME  UT 


12:00 


12:20 


Fig.  2.  A wave  event.  Top,  signal  intensity;  middle,  dynamic  spectrum; 
bottom,  signal  to  noise  ratio 

The  top panel  of  Figure  2 contains  an  enlarged  view  of  this  oscillation  Th*  i 

panel  contains  a plot  of  the  SNR  in  dB  at  this  altimH*  Th-  „„ai  * . C ‘°P  pMe ' 1116  bottom 

with  an  altitude  amplitude  that  varies  between  1 5 and  3 km  and  ^ “.P6""1  of  16  minutes 

large  scale  dynamics  of  the  mesosphere.  scattenng  ent.t.es  are  pasive  tracers  of  the 

odier  hand,  the  c^n^velSty 

of  presentation  is  in  a Eulerian  coordinate  system.  THat  is,  w^sit  at  a IfaSSS 


CRf&KAL  & 

OF  POOR  QUALITY 
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waves  evidenced  by  polar  mesosphenc  summer  echoes. 

3. VELOCITY  DISCONTINUITIES  puw,R  Tt  was  uniaue  in  that 

r\  t i Ath  i Q88  we  carried  out  a uniaue  experiment  code-named  PMSE3  ^ 

“ “°“  S,”  Ss  iS  wh5  also  contEs  mot  details  on  this  experiment  Uyers  with 

whole  measurement  window  and  possibly  reach  beyond  it  . 

Figure  3 contains  dynamic  spectra  of  5 gates  at  altitudes  between  *225 _ and  82. 85  'em.  and  be^ 

1 1 nn  on  a l oon 1 TT  The  bottom  panel  contains  plots  of  the  SNR  m dB  ot  e 

the  spectral  resolution  is  0 .52  Hz.  These  correspond  to  Doppler  velocities 
ms"1  respectively. 

S=ssb^SSSEs 

downwards. 

The  proof  that  this  event  is  authentic  is  contained  in  the  very descriptor . of  it  “ 

The  question  that  arises  is:  How 

we  have  present  has  an  integration  ““Z"ble,  Jd  in  fact  most 

;Sh.T^  *■ wo  ^ leve,s' Thcn 

2 These  weak  layers  are  not  soobv.ous  in  the  power  maps,  but  they  become  clearly  “visible"  in  dynamic  spectrum 

3 
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©F  IK)Cf  O' 

the  next  question  is:  What  p 

tZ  sugges observed ^continuities  might  be  signatures  of  “wave  breakmg”  events. 
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R1  in  a HHMM38  10$»JQ 


1030  10:40  10:50 

TIME  UT 

the  vertical  velocity  ofPMSE 


4.FINE  STRUCTURE  between  84.05  and  84.35  km  and  between 

Figure  4 shows  dynamic  spectra  at  three  consecu  g exneriment  described  in  the  previous 

iooo  and  1 100  UT.  This  data  were  collected  dnnng  die  PMSE 3B ^ treque„cy  and 

section.  This  figure  illustrates  a rather  6“  “T  do„s  J Doppler  velocity  occur  from  one 
altitude.  Small  discontinumes  and  up-and-do  systematic  variation  with  altitude 

integration  period  .0  the  neat.  These  femures, Sfy  spectra  with  multi-modal 

5 ‘ Cl°“  UP 

m‘T„eP^Tpll  to  atribu.e  fins  fine  suucture  to  nnavoidahle-am.  undes.r.d-st.tis.ical 
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10:18  10:28 
TIME  UT 


10:38 


Fig.  5,  A close-up  of  a part  of  Figure  4. 

“»  Tm,lk  bch*"«» »'  «"«- 

fluctuations.  One  can  also  arg ue  that Atsi^lSt^^T8  Cy  j“St  due  to  statistical 

Figure  6 contains  again  dynamic  spectra  at  three  altitudes  84  ?n  w«nu  . 

and  1330  UT.  This  experiment  was  a test  of  the  to  84  80  km>  between  times  1230 

5th  1988.  A comprehensive  rerort  on  this  • P30al  “krferometer  technique  carried  out  on  July 

be  found  in  the  pnper  by  LA  HOZ  el  nl.  (1989b]ZS!ie). ' pena™"8 10  lhls  lech,,'*|uc  can 

^ .wotoweraftinKfes  acc^pa- 

by  the  SNR  in  dB,  increases  from  about  4 dB  to  24  hr  • h P°^er  ln  dle  bottom  panel,  as  measured 
although  less  inte^^S^  minute  . A variation, 

do  not  seem  to  bear  any  appreciable  correlation  to  the  Ser  t^pTelT  VamtI°nS  " ** tOP  P3"el 
not  but  are  pSlTely 'imbS*  ft^Sn^fen^  te^b^  ^ 7 

the  scattered  signals  will  widen  as  the  turbulence  level  inlreSTfr  is^hen  ^7!  ^ °f 
event  is  a signature  of  a sudden  increase  of  the  turbulence  le^MM- 1 .?  conceivable  that  this 
defined  relationship  between  the  spectral  widths  and  the  total  ^ * WC“ 

example  is  contained  in  Figure  7 in  the  naner  bv  1 A HD7  «5?  However,  a counter- 

“^tt^v^rtions  i^the^^ed^we/  Whh^^dL^"5  ^^acTompa'nTed ^ by 

6.  IN  LIEU  OF  A CONCLUSION 

Pcrhap,  i.  will  later  nun  out.  Her  resolutions  to  these  puzzles  a*  found,  that  ibe  following  »„se  due 
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SP-EI-SDI1-V  05/JUL/88 

-r  ' ■ I 1 1 1 «-» 


12:30 


^240“ 1*50  13:00  I3:iu  13:20 

TIME  UT 

Fig , 6 . A sudden  widening  of  the  spectrum. 

to  Lewis  F.  RICHARDSON  (1922)  is  quite  relevant  to  paraphrase  in  this  context: 

Big  whaves  have  little  whaves, 

Which  feed  on  their  velocity; 

And  little  whaves  have  lesser  whaves, 

And  so  on  to  viscosity. 

(or  “so  on  to  turbulence”  first?. . . or  were  they  already  “whorls”?.  ••«...) 

Acknowledgments  S„omen  Akatemia  of  Finland,  the  Centre 

dom. 
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Gravity  Waves  in  the  Mesosphere 
Observed  with  the  MU  Radar 

T Tsuda*1’,  S.  Rato'1*,  T.  Yokoi*1’,  T.  Inoue*1’, 

M.  Yamamoto*1’,  T.  E.  VanZandt*2’,  S.  Fukao*1’,  and  T.  Sato 

1)  Radio  Atmospheric  Science  Center,  Kyoto  University 

2)  Aeronomy  Laboratory,  NOAA,  Department  of  Commerce 

3)  Department  of  Electrical  Engineering,  Kyoto  University 

1 DESCRIPTION  of  mu  radar  observations 

Gravity  waves  excited 

namical  or  convective  instabilities.  As  i * her  * and  accelerate/decelerate  the 

from  the  lower  atmospheie  to  upp  ^ observations  have  been  continued  in  order 

general  circulation  [e.g.,  Lindzen,  19  )•  , < Meek  et  al  1985;  Vincent 

to  clarify  the  behavior  of  gravity  waves  in  the  mesosphere,  [e.g,  Meek  et  at, 

and  Fritts , 1987;  Yamamoto  et  al,  1986  1987]  observations  of  gravity  waves 

This  paper  is  concerned  with  ^ „ SS  on  13-31  October 

in  the  mesosphere  carried  out  during  W*.  (0800  1600  LT) 

1086  with  the  MU  radar  in  SUlgaraki  (35  N,  136  peri„d  into  the 

The  antenna  beam  o(  the  MU  radar : > steemd every “*3“^  m(1  „st  „ 

vertical  direction  and  four  oblique  beam  nee  ions  g ^ a [ G-irLt  coinple- 

, zenith  angle  of i r.  The, ed  puj  - lhc  „eig„t  resolution 

oH300  m.  Data  are  collected  at  60-90  km  3 ^October  ToS^letpectively. 

about  65-85  ,n  where 

turbulent  scattering  is  dominant. 

2 quasi-monochromatic  gravity  waves 

Wind  profiles  are 

by  one  hour.  The  veitical  piofi  ..  waves  with  various  vertical  scales 

Z rmZLomatic  gravity  waves  with  a dominant 
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on!nre,1:|DiStribUti0nJ°f  horizontal  Propagation  direction  of  gravity  waves.  A full  and 

relation  in  no  bacTgrTun^  usinS  disPeisio“ 

a dashed  line  fo,  two  cases,  since 


““  T,"»  show 

filte!*6 wi thrower1  ^^ehig^r6cu^ffs^afS3  ^and*1!^1^^'^  a 

= 

and  intrinsic  wave  period  of  quasi  monnrhm  f ’ ” llonzontal  propagation  direction 

cases  on.  of  19  ^ "re  for  16 

velocity  itZ«2tU«Zr»^fl™Zrd  T 'C,XMK‘'  W"C,C  ,h» 
indicates  that  all  of  gravity  wave^ropagated  in  th^°Unf  temp.erjlture  Profile-  FiS-  1 

from'Zt!nC*,r°mati^EraVi  ^ wave  P'OP^Zd^n  a^tratioiTbZ^n^iuli  ant^O^east 
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Figure  2:  Vertical  profiles  of  eastward  and  northward  components  of  momentum  flux  for 

:™SSH 

from  8 to  11  hours  with  a mean  value  of  8.6  hours. 

3 MOMENTUM  FLUX 

. 0 „rnfiip  nf  wa.ve-induced  upward  flux  of  horizontal  momentum 
In  this  section  we  present  a profile  of  wave  induced  P 1983,  Fiisti  a linear 

S"bl"7rie  a UmePS“rier.f'radM  wind  velocities  'collected  for  8 hours  in 
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each  range  gate.  The  variance  of  radial  wind  fluctuations  with  periods  ranging  from  10 

ric""  - - **  - - **  - » 

men  the  kinetic  enerfo.  is  conserved,  .he  variance  must  increase  with “scale tel 

the  course  of  upward  energy  propagation.  dissipated  in 

w^Thal  anisotlopy  of  the  fiance  was  recognized  such  that  the  northward  and 

ZvZ,;0—  ^ eme,“‘y  ,h,,  ““  “d  “-“Xonel 

mine?frL5'fcSjrSlPrf le  0t“p“rd8“  ot  tbe  momentum  flux  deter- 

T mode,. 

of  “«  *“  HUde  T"  °f  65_75  knl  by  assumin«  «*  «ir  density 

o.zx  iu  at  70  km.  The  northward  acceleration  is  determined  as  4.0  m/s/day. 
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SM AT  I -SCALE  GRAVITY  WAVES  IN  THE  LOWER  STRATOSPHERE 
REVEALED  BY  A MULTI-BEAM  OBSERVATION  WITH  THE  MU  RAD 


Kaoru  Sato  and  Isamu  Hirota 

Department  of  Geophysics,  Faculty  of  Science,  Kyoto  University 
Kyoto  606,  Japan 


1  Introduction 

consideration,  e.g.  the  dispersion  relation,  because  the ^nu  b J b to 

measurement  is  limited  by  the  usual  radar  system.  The  J^ssniiMe 

measure  radial  velocities  almost  simultaneous  y wi  up  therefore  an  attempt  was 

for  the  detection  of  the  horizontal  structure.  In  the i pres  n with 

made  to  use  the  multi-beam  technique  for  investigating  the  nature 
small  horizontal  scales. 


2  Observation 

alternately  from  one  pulse  to  another  during  the  sca^the  wind 

Mdtot^ 

“aspect  sensitivity  ( Tsuda  et  .,  )■  DOSition  at  the  4°’s  interval  of  the  zenith  angle  in 

independent  data  are  obtained  for  eac  . P .1,  hu  14°  from  the  zenith  to  measure 

each  direction.  Two  beam,  were  tilted  to  north  “d  .^LlTto  m^r.  the  vertical 

the  meridional  wind,  and  the  remaining  beam  was  k with  a resolution  of  300 

velocity  directly.  The  height  range  for  the  obeervatron  ^ inleg„tion  ot 

radar  site. 


3  Data  Analysis 


The  radial  velocity  Ve{z,t ) is  expressed  as 

Vo(z,t)  = ue(z,t)  ■ sin#  + we(z,t)  ■ cosO, 

where  9 is  the  zenith  angle  of  the  beam,  z is  the  altitude,  t is  the  time,  u 
horizontal  and  vertical  components  of  wind,  respectively. 


(1) 


and  w are  the 
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w component  ( m/s  ) 
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::^r  “ins  l"°  be*m- with 

Mm)],  = Mm^(m).  (2) 

rjtr»t(2?  We  °f  “«  -“I  few  o«  the  two  symmetrical  beam 

neiehb  Z* hand-  wl'b  more  relaxed  assumption  that  wind  field  is  uniform  over  each 
K ”*  W'‘h  “ni‘h  "S‘“  °f  *' «fe  thirteen  scanned  sonally  » 


u(z , * ; 0l7)  = . 

V ’ ' Xl)  I 

1^(2,  t ; 017)  = V»1  (*,Q «n 02 -Vg,  (spaing,  f 5 

; -ain^j-^)  J 


■-.  - . (3) 

-«in(S,  -»j)  J 

where  012  = (9X  + 02)/2.  This  method  provides  the  horizontal  variation  of  „ and  «, 

observation  peZ ^ ‘"T  'h<!  »>»fe 

were  hatched.  °T^ 

t^LiS^ 

analyzed  the  two  distinct  events  which  are  referred  to  as  J‘>2  for  tho  fi  / ■ ’ ^ §tudy 
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U component  (EW~I0) 

I Q 1 3 4 22nd  - 00 1 36  23rd  JAM.  H66 


W component  ( VERTICAL  ) 

16,34  22nd  - 00,36  23rd  JAM.  1061 


V component  <SN-I4) 

16,34  22nd  - 00.36  23rd  JAN.  IQII 


J22-o 


J22-b 


J22-  a 


J22-b 


J22-o 


J22-b 


Figure  2:  Vertical  time-section  of  u,  to,  and  t,  for  J22.  The  contour  intervals  are  1 ms'1  for  u 
and  v,  and  0.2  ms-1  for  w. 

4 Vertical  time-section 

Each  component  for  J22  is  represented  in  Fig.  2.  The  zonal  and  meridional 

and  u,  were  calculated  from  (2),  a,  usually  employed.  For  ^-component  we  used  the  data 

obtained  by  the  vertical  beam.  It  is  found  that  the  amplitude  of  wn i about  2 ms  at  th 

maximum,  and  the  large  amplitude  continues  only  for  several  hours.  ^ * 

further  divided  into  the  first  and  second  halves,  which  are  referred  to  as  322-a .an 

J22  as  shown  in  Fig.  2,  and  J24-a  and  J24-b  for  J24.  The  period  of  the  oscillation  for  each 

eVeThe  phase  differences  between  wind  components  are  important  parameters  to’dentify 
the  oscillations.  Judged  from  the  short  period,  these  oscillations  ^ likely  t 

internal  gravity  waves.  Internal  gravity  waves  must  have  the  phase  difference  of  0 or  180 
degrees  between  horizontal  and  vertical  components.  In  Fig.  2,  however  the  phase  differences 
between  « and  » and  between  * and  to  appear  almost  90  degrees.  This  might  be  caused  by  the 
impropriety  of  the  assumption  used  in  (2)  that  the  wind  field  is  uniform  over  height  positions 
measured  by  symmetrical  two  beams,  in  the  case  of  the  waves  having  a small  horizontal  seal  . 

5 Horizontal  time-section 

In  order  to  examine  the  zonal  structure,  we  made  horizontal  time-section  from  13  radial 
velocities  in  the  zonal  scanned  region  using  (3)  as  shown  in  Fig.  3.  on  inu°“*  ^°H°^ever  th 
wavelike  phases  are  found,  migrating  westward  for  J 22- a and  eastward  for  J22-bH«0JVer  the 
magnitude  of  w is  very  large  compared  with  that  obtained  by  the  vertical  beam i directly.  T 
we  simulated  the  “observation”  of  u and  to  using  (3)  with  the  assumption  that  the  wind  field 
has  a small  monochromatic  wavelike  structure.  As  a result,  ,t  is  found  that  the  observed 
wave  amplitude  and  phase  are  not  represented  correctly,  but  the  zonal  wavelength  am l period 
are  well  reproduced,  as  well  as  the  sense  of  the  phase  difference  between  u and  ui.  Therefore 
the  zonal  wavelength  Ax  for  each  event  can  be  estimated  from  the  horizontal  time-sect.on  as 
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U c 2-15.9  km)  W (Z-15.9  km) 

16.34  22nd  - 00 j 36  23rd  JAN.  1986  16.34  22nd  - 00t36  23rd  JAN.  1986 


WEST  - EAST  (km)  WEST  - EAST  (km) 

Figure  3:  Horizontal  time-section  of  u and  w at  a height  of  15.9  km  for  J22.  The  contour 
intervals  are  2 ms  1 for  u and  0.5  ms'1  for  iv. 


5-25  km. 


6 Fitting  analysis 

In  order  to  examine  the  phase  difference  between  u and  w,  we  fit  the  radial  velocities  assuming 
the  wind  field  with  a monochromatic  wavelike  structure  by  the  least  squares  method,  which 
can  represent  phases  exactly.  Thirteen  radial  velocities  measured  by  the  zonal  scan  of  the 
beam  at  each  time  and  height  are  used  for  fitting  to  the  shape  of 

t/  . / 2tt  2tt 

v»i  = «osm(— x,  + ■ sin^,  + w0sin(— Xi  + <pw)  ■ cos 0,,  (4) 

where  x,  = z • tan  9,.  In  order  to  decrease  nonlinearity  of  the  fitting  function,  unknown  param- 
eters are  reduced  to  four:  u0,  w0,  tpu,  and  i pw.  Fitting  is  made  by  changing  Ar  continuously 
near  the  values  estimated  from  the  horizontal  time-sections,  so  as  to  find  the  \x  having  the 
minimum  fitting  residual.  It  is  noted  that  this  method  of  the  fitting  analyses  is  suitable  for 
transient  waves  since  the  assumed  structure  (4)  has  no  time  parameters. 

Figure  4 shows  the  time  averaged  standard  deviation  (S.D.,  the  square  root  of  the  residual) 
as  a function  of  the  zonal  wave  length  for  the  case  of  J22-a.  The  zonal  wavelength  A;  corre- 
sponding to  the  minimum  value  of  S.D.  values  is  found  for  each  profile.  This  is  the  same  for 
the  other  cases,  indicating  that  the  oscillations  are  zonally  sinusoidal.  It  is  noteworthy  that 
A;  changes  near  a height  of  16.8  km  in  Fig.  4.  It  follows  that  the  oscillation  is  composed  of  at 
least  2 different  waves  in  height.  This  is  also  the  case  with  J24-b. 

The  histograms  of  the  phase  difference,  A $ = tpu  - associated  with  almost  the  same 
zonal  wavelength  A’  for  each  event  are  shown  in  Fig.  5.  The  distributions  of  A<J>  for  all  events 
have  peaks  near  0 or  180  degrees,  except  for  J22-a  at  a height  range  of  16.8-17.4  km.  This  is 
consistent  with  the  theoretical  characteristics  of  gravity  waves. 
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ana  vsis  which  take  t ^alhUons  are  also  sinusoidal  in  time,  we  made  another  fitting 

transiency^  The  ST  7"  Peri°d’  int°  “"^deration  but  not  the  wave 

ns  ency.  The  obtained  parameters  were  consistent  with  the  previous  analyses  Through  the 

waves^PeS  °f  tHe  fittmg  analySiS’  WC  C°nfirm  tHat  the  are  due  to  intlnT^Z 

7 Discussion 

The  zonal  phase  velocity  estimated  for  each  event  from  the  zonal  wavelength  and  period  is  1-5 

that  thl  ^ ^ VCry  |ma  compared  Wlth  the  background  wind  («  50  ms-').  This  suggests 
that  the  waves  are  almost  at  rest  relative  to  the  ground  as  in  the  case  of  mountain  waves 

However  since  no  considerable  high  mountains  exist  near  the  radar  site,  and  the  oscillations 
appeared  d.stmctly  in  the  lower  stratosphere,  it  is  difficult  to  identify  them  as  mountain  waves 
(e  J f r°r:f  ? lcal  disturbances  have  often  appeared  in  the  observations  using  VHF  radars 

avinf,  9 ' 1982'  ‘9f  ^ M0"  ‘h»“  **  ™Ple  “ 11, 

ran^e  of  f Z tlme_f^uency  » the  case  of  this  study,  but  as  variations  with  over  a wide 
ange  of  frequency  The  characteristics,  the  frequency  of  occurrence,  the  origin  the  effect  on 

— flo^“d  *he  ^onal  variation  are  all  the  remaining  and  interesting  objects to  be 

mine  in  e ai  a out  these  disturbances.  Improvement  and  continuation  of  the  multi  beam 

observation  promise  to  be  of  great  importance. 

isJheo,isi„al  Paper  „(  this  ,.udy  is  published  in  the  December  issue  of  J.  Meteor.  See  Japan, 
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HIG  ^TrE)  OBSERVED  WITH  THE  EISCAT  224  MHZ  RADAR 


J Rottger*  and  C.  La  Hoz 
EISCAT  Scientific  Association 
P.0.  Box  812,  S-981  28  Klruna,  Sweden 
(♦on  leave  from  Max-Planck-Instltut  fUr  Aeronomie) 

S.J.  Franke  and  C.H.  Liu 
University  of  Illinois 
Urbana,  IL,  USA 


ABSTRACT 

Polar  iMSosphare  s«ar  ac^s  ob»r»« . .«h  «« 

quently  exhibit  s^9n1f1“n^  £y  a lifting  of  partially  or  anlsotroplcal ly 

We  explain  these  jumps  to  be  caused  by  a luring  o p ^ steep_ 

SST HlJSTi.’ SE ££« tractor..  • pot 

obviously  break  up  into  turbulence. 

INTRODUCTION 

It  Is  usually  assumed  that  gravity  "av®jL< ea“1intoCtUrbu^noeP(e!gd,  FRITTS, 
mesosphere  that  they  »r«  saturated  ,te  suitable  tools  to  study 

Zsk  F5525irdJfE2  f(..g.!'  -7.  KLTOTERMEYERnandS^ROST ER?*  1 984^ 

sr  t as  ss 

terlstlcs  of  steepened  waves. 


BRIEF  DESCRIPTION  OF  THE  EXPERIMENT 


. . . A hx/  ftscat  224-MHz  radar  could  not  be  explained  by  the 

The  echoes  detected  by  the *7*  ""  ra  assumed  to  be  related  to  those 
common  Incoherent  scatter  mechanism,  but  so-MHz  MST  radars  (e.g. ,CZECHOWSKY 
echoes  which  were  earlier  observed  with  the  60  I e^Ses  ^tected  on  224  MHz 

and  ROSTER,  1986).  Since  It  was  no  .naclal  radar  program  was  developed  to 

were  very  dynamic  and  non-statonary  a special  radar  P£9™  1on  than  was 

study  details  of  their  spectra  with  a much  higher  frequency  ™ ^ pu1se_t0_ 

applicable  with  the  orl91"®1  S^km  altitude  resolution.  Autocorrelation 

pulse  mode  and  Barker  coding  with  .05  km  aicic  resolution  of  0.42  Hz, 

functions  were  computed  on-line  allowing  for  a frequency  reso.  _ 

these  were  averaged  over  5 sec  and  dumped  °"^ar  °Z%  details  of  this 

ml  zed  to  cope  with  the  very  s^ong  signal  f^nd1n(R0TTGER  etal.,1988, 

particular  program  and  general  results  c b ^ part1cular  features 

and  ROTTGER  and  LA  HOZ,  1989).  Here  w . *.  ,<•  n far  We  wn i also  include 

of  the  spectra  which  we  could  not  ^scuss  ' ,988  after  the  complementary 

more  recent  results  which  were  < X lh?EISCAT^HF  radar.  During  both  summers 
coding  scheme  had  been  introduced  to  the  EISCAT  vhf  raoa  ,.6  MW  peak 

the  EISCAT  VHF  radar  was  operated  In  the  224  MHz  Dana  wixn 
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ssisr'bjir.as;  Tnn\:r  **  — 

respectively.  During  the  experiments  wMrh^*  mer1dional  an<*  z°nal  direction, 
was  pointed  vertically.  exper1ments’  wh1ch  *r«  reported  here,  the  antenna  bean, 

RESULTS  OF  SPECTRAL  MEASUREMENTS 

to^yroTw«  y:“«.?r?K  r™r  **»•  <««>  •„«. 

relation  to  refractlvltystructures1  turhn  ? th®  radar  r«turns  «nd  their 

of  PMSE  observed  on  224  MHz  were  Duhl h “V  ty  waves.  Spectrograms 

•nd  la  »oz  (,«»>.  el-s  s^^jrsr^A/ssi  ‘ir™* 

tral  offset  and  occasionally  a sollttlna  wo  w1dth’  the  sP«c- 

Flgures  2 and  3 of  ROTTGER  et  al  ( 19881  thet^L^M?8  1n  the  examples  shown  In 
related  to  gravity  waves  are  Quite  ?S21n  ^Per1°d1C  mean  veloc1ty  oscillation 
oscillations  are  qllte  fSoSSSv "t!  rry.6Vldent  a1so’  that  these 
sawtooth- like.  It  was  even  noticed  sometlmes^hlt^h  bUt  tr1an9ular_shaped  or 

ssua?Jt£!^  nirsi  at 

£2 SSr,v 2s SITE: 


SO. 65  km 
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t m highest  time  resolution  achlevab 

We  show  In  Fig.  U 1s  an  enlargement  of  the  spectrogram  of 

during  the  summer  1987  operations.  particular  event  which  occur 

Fig.  3 in  MTTQER  « .1.  «•“>:. t,r? 
red  et  81.7  k>  th.  dtsol.vs  of  the  dynamic 

when  definitely  a spectral  jump  was  oi D frequency  bln  Is  plotted  In  a 

spectra  as  shown  In  Fig.  1 the  the  max1mum  amplitude  In  the  spec- 

qrev  scale.  The  amplitude  Is  normalise  spectrum  for  a certain 

trum.  Each  vertical  stripe  thue  d1sp  «y  * spectral  stripes  forms  a dynamic 

SkSft  r £&£  13, «5  -2*  S r^KST;  ",  S.« 
Sirsr;jf,£5^  ** ~ -*- * r*w  9,tes 

with  1.05  km  resolution  are  dlsplaye  . 

.4  in  1 Is  the  fact,  that  the  signal  with 

What  Is  very  Interesting  to  notice  In  Fig.  1 gate  z = 81.7  km  sud- 

the^ gentle  Increase  In  Doppler  frequency  at^the  1^1^^  abQUt  1 ffi1nute  a 

denly  disappears  after  altitude  gate  with  small  negative  DoPP1®'' 

very  weak  signal  recurred  in  the  same  J” ^ 9 frepuency  to  again  Positive 

shift  and  then  Increased  In  amplitude  ana  vv  display  the  spectra  are 

SppUr  shift.  Whereas  d^1ng  the  last  a"  Vcase  at  the  begin- 

fairly  similar  In  both  adjacent  gate  , amplitude  spectrum  In  the  81.7  km 

nlng/where  we  notice  a v®ry.  nar^.a"JrJm91n  thl  80.65  km  altitude  gate.  During 
gate  and  a very  weak  «nJ  broad  spe  t 1 ^ scattering  structure  must  have 
the  first  two  minutes  of  this  display,  of  1 km.  This  was  pointed  out 

been  very  different  over  a ver  t a^  (ig88).  Since  the  maximum 

already  In  the  preceding  PaP®r  ^ f^st  part  of  the  display  Is  only  thlrdo 
positive  frequency  off-set  In  the  P at  a negative  Doppler  shift,  which 

the  Nyqulst  frequency  and  the  signal  rmmiencv  we  have  to  exclude  aliasing 

is  only  about  one  fourth  of  the  ^Pulst  frequency ^ ^ 1n  0ther 
causing  this  frequency  change^! S^ml  f ^ a1*0  g change  of  an  oscillator  f re- 

range gates,  and  we  ^e^°reWa  thus , suggest  that  this  is  a real  shift 
quency  to  cause  th1*  f*fra%mp"  or  "bounce". 

frequency,  which  we  will  call  a jump 

EISCAT  VHF  Radar  30  June  1988 
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Spectrogram  of  PMSE  observed  with  the  EISCAT  224-MHi  radar  In 
1988  wnh  altitude  resolution  of  300  m l see  LA  H0Z  et  al.. 


Fig.  2 
summer 
1989,  for  details) 
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recorded  in  with^o!)  °m  altitSde09^  i°r  dynam1c  spectrum  of  pmse 
jumps  are  definitely  occurring  a?  Fr®^cy  shifts  ^ 
Since  the  data  for  this  spectrogram  were  rornL*^  1?:25:36  UT  on  30  June  1988. 
data  acquisition  routine,  we  thus  »ro  corded  with  a completely  different 
or  software  effect  is  not  misleading  us  1n°  ouf^inr^1'16!*  that  an  Instrumental 
further  proven  by  noticing  the  characteristic r interpretations.  The  latter  is 
spectrograms  by  LA  HOZ  et  al.  (ig89)  which  wIr«/  !?U?nCy  Jumps  in  the  series  of 
ent  observation  period  and  were  analyzed  hv  . °H^lnetl  dur1ng  another  dlffer- 
have  collected  many  more  examples  of  these  charactlri^JT^  software  Package.  We 
steepened  oscillations,  which  we  will  Subtish  efseS  3m*  ^ no"-11"ear 
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Fig.  3 Spectrogram  and  amplitude  time  series  recorded 


1118 


on  6 July  1987. 


amplitude)  observed^  ^^^987  ®pectra  (d1sP1a^ 


in  linear 
period  In  the 
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0R’«G!?!-&1*  PAG'c.  IS 

OF  POOR  QUALITY 

An  earlier  example  of  a dyr ^1" 
Fig.  3,  together  with  the  tempora  22  UT  _ the  spectral  amplitude  and  the 

Doppler  frequency  Is  very  apP®r®"*  4 the  temporal  development  of 

spectrum  width,  however  do  not  change,  in  c9nvent1onal  disp1ay.  it  becomes  evl- 
1 O-sec  averages  of  spectra  1 s sh  spectrum  in  the  altitude  gate 

dently  clear  from  this  display  that  t leaving  a remnant  behind.  Checks 

84.85  km  was  shifted  aates  85  9 km  and  83.8  km  shows  that  there 

of  spectra  in  the  adjacent  altitude  9^es859  that  there  are  com- 

1s  very  little  spill-over  between  the  altituoe  ga  vert1cal  distances  of 

pletely  different  and  Isolated  P^®"™®"®  h presented  In  Fig.  5.  which  also  shows 
one  kilometer.  Another  example  ° a t This  Figure  also'  shows  that  the  jump 
the  event  isolated  In  one  a^1tude  gate.  Thi  * ^ f1|(d  that  the  jump  or 

occurs  within  the  very  short  time  scale  o seconds)  or  also  overlapping, 

3“Xe  echo  amolltude  within  the  e.t.teOe  renn.  of  1 k„. 
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Fig.  5 Spectrograms  of  adjacent  range  gates  STichT 

,o  only  one  eltltude  9«e.  There  « • - „T,  r,sult1n.  In 
rSJSTJSJ ST.  the  lower  r.nee 

irrt.r.r.'^,’;h'.nrherrjh;  not  ■* i™», 

origin. 


272 


programs  and  thTconvIncw  ^lt^wh^r^rbllv  *1th  indeDendent  radar 
high  confidence  on  the  fact  that  tL.  ’ h ■ have  Presented  so  far,  place  a 
not  instrumental.  How  can  we  explai^  tLe'obLrvatlonl?"0  * rea'  phen0ffle"°"  a"d 

MODEL  COMPUTATIONS 

partial lydrenect?ngasurface  ?s  unduUted  b^a  Ga°6r  °anel  °f  Fl9‘  7’  where  a 

surface  is  assumed  to  move SoMzSSa Hy tSrouaS  ThT  T™  bump-  The  la^r  or 
which  are  reflected  under  perpendicular  SndSm^  f L beam-  Radar  ra^s' 
receiver  and  add  up  according  to  the  differ^t^M  fr?"  the  surface  reach  the 
change  because  the  reflection  2lX  mils  25  tSSTJ??’  ""  ^ Paths  W1 1 1 
tion  point  at  a time  with  different  radial  V6i ! be  more  than  one  reflec- 
different  Doppler  shifts.  The  correspond?™  ^ll*^  causln9  a superposition  of 
received  signal  is  shown  in  the  lower  two  oanl ^“2  ®cd  ph!se  var1at1on  of  the 
time.  These  temporal  variations  are  Fourie?  f /19:  7 aS  a funct1°n  of 

Fig.  8.  The  horizontal  width  and  the  uertit-ai  naly^ed  and  yield  the  spectra  of 
yielding  these  spectra  is  2000  m and  Mcni  re^?^10"  amp,1tude  of  the  bump 
be  at  85  km  altitude,  and  the  antJnSa  team’widtTT bUmp  18  assumed  to 
3°  for  the  lower  panel  spectrum  of  Mo  « ’S  1*50  for  the  uPP«r  Panel  and 

of  the  bump  yields  a radial  velocity  of  the^ref lnV*1*’  Th®  hor1zonta1  speed  Uo 
varying  Doppler  shift  seen  in  the  model  th°  hefl®ction  points  which  cause  the 

displays  inFi,  8 corresponds  tTa  adiaTyeLl?6  ***'"«*'  of  the  spectra 
notice  that  the  spectral  features  wh^rh  !e  do  k V °f  0*15  Uo‘  *»•  clearly 

model.  Note  that  this  model*  assumes  Sartia?  °£?iVVCan  **  simulated  by  this 
strong  aspect  sensitivity  and  the  superposition  of  «Cf10n’  charact®rised  by  a 
work  for  isotropic  scattering.  Howeve?  TtMn  2nd  hf  ll*  rayS’  bUt  U wou1d  not 
layer,  having  the  lifted  hnmn  chor,  ’ 1n  and  highly  anisotropic  scattering 
these  spectra.  bUmP  ShaP6  and  mov1"9  horizontal ly,  could  also  cau2e 


OH.V.  .O.  PAGE  IS 

OF  POOR  QUALITY 


^ cau s i n gd amp° i tude3 and ' phase3 va r 1 at i on s as^ shown8 i^th^ lower8 two 
panels9  when  the  layer  moves  horizontally. 


3 Doppler  spectra  computed  from  the  nna  beam  and  the 

1g  7.  The  upper  spectrum  Is  for  a 1.5 
ower  for  a 3°  wide  beam. 
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One  may  not  accept  that  oartial  + ~ 

would  be  possible  because  of  t7l7™!,;ta!ri?SSUmed  1n  the  latter  mode l , 
reflection,  namely  the  stratification  nf  fh  * cr^eria  wh1ch  are  necessary  for 
sphere.  This  model  still  would  be  aDD?ICaK«  7 l8Ct1"9  surface  1n  the  "**o- 
turbulence,  which  we  cannot  yet  prove  highly  an1s°troplc 

enquire  about  another  reflectivity  structure  !hi.h  V 4 MHz'  We  then  have  to 
and  how  the  physical  mechanism  could  be  behind  ^hese^  C?US0  these  structures 
frequency  Jumps.  If  we  may  not  be  convinrori  ,.these  Decullar  observations  of 
anisotropic  thin  scattering  iaJe?  as  used  S the  r reflector  or  highly 

these  jumps,  another  model  needs  to  be  Invoked^1  no!  ®xlst®nt  When  we  see 
works  for  scattering  as  well  as  reflection  »nn  n°W  descntie  a model  which 

table  explanation  of  these  su!!en7reSrS  7s  3 ra°re  ^nerally  accep- 

and  bounces  could  also  be  a slgnatur!  of  "!?!!'  Can  prooose  that  the  lumps 
(e.g..  Hobbs,  1985;  We Instock  1986  19I7,  Wa"®  ste®P«ning  or  wave  tilting" 

gravity  waves  Increases  but  breaking  int!  t,’,r!,M  fUrs  When  the  “"PHtude  of 
Place.  The  latter  apparently ?s nit  llJZ* 7?  not  1""»<”ate1y  take 
that  the  spectrum  has  to  widen  substantial! v Whl  Uf  data’  SlnCe  n wou1d  mean 

amplitude  would  have  to  Increase  when  scatter  from  i-ho^h  occur  and  the  echo 
cause  the  echoes.  scatter  from  the  enhanced  turbulence  would 


Fl9;9^eluS^rIa?fS  °rf  a th1n  1ayer  of  turbulence  or  discontinuity  in 
a Kelvln-Helmholtz-Instablllty  (left  panels)  as  well  as  In  a steeo- 

?nad  Donni  1 p1 Pane  1 s ) and  the  corresponding  relative  velocities, 
l.e.  Doppler  shifts,  shown  in  the  lower  panels. 
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When  we  consider  that  the  mean  Doppler  shift  usual  ly  Is  due  to  J J^lc.1  bulk 
motion  of  a thin  layer  of  scatterers  the  of  the 

scatter  i n^o™  ref  1 ect  i ng  1 aye r ! &T  he  ® j acementt^For^ a' pure  I yUs  1 nusoi dal 

grams  and  we  thus  can  determine  the  degrees  out  of  phase  to  the  Doppler 

r«.th5o2:roar  r.s-.,-.  v:iri 

sr'SdS 

reproduced  (his  Fig.  6)  and  converted  i following  model  that  only  a 

shift)  as  function  of  time  We  Jav®  ®*onSu!y  exists in the  KHI  structure, 
thin  scattering  layer  or  reflecting  dlscontiny  d the  relative  time 

Enhanced  turbulence  should  be  observe ipa  ^d  echo  ampli- 

sr  £S-,r^“^£Tf4:  rsf  r.^ 

Sb^ef^oc™.  IhS  ^Sen^coS.d  only  be  v.r*  occasionally  confined 
by  our  observations. 

For  the  right-hand  side  panels  E?E?5 

,1986)  are  reproduced,  which  are  for  steepened  waves. ^we  Jhe  reDr0_ 

a thin  reflecting  or  scat^®|”!"9  ®y%1ts  we11  w1th  the  observed  frequency  jumps, 
duction  of  these  computations  then  fits  well  compared  to  the  wave 

which  take  place  within  a very  short  t romTlunication)  turbulence  does  not 

period.  According  to  Weinstock  consistent  without 

necessarily  occur  when  the  wave®  a£®  th  frequency  jumps  observed  during  PMSE 
observations.  We  therefore  assume  that  ‘^^S’^iction  for  ste.oen- 
conditions  with  the  EISCAT  224  moetvsnhere  It  is  to  be  noted  that  the 

ing  and  tilting  of  gravity  waves  in  obtainable  also  with 

particular  features  of  steepeP®d  t Figures  7 and  8.  Then  the  Gaussian  shape 
bSp'e^s^^r^PlLerbrrsUeSened  wave  structure.  Such  simulations  should 
be  done  in  future. 

on.  .ay  erne  «nv  tnese  “^^^^"irSor.n^^fs^nroJv 

been  reborted  to  be  seen  so  far  w .troorams  union  we  have  chosen  easily  let 

the  special  kind  of  hleh-resolution  spec  3 0(l1y  a narrow  oeam,  such 

rs  ^r“d^r5i“brso  * 

stse-  ise.r< ■Cy’asu'Sr 

Sr'S  \x  5”.k::*t:;|s  j 

es,  which  we  regard  as  a typical  characteristics  or  po. 
echoes. 

CONSEQUENCES 

Let  us  now  consider  some  data  apa^ySg®  ^^ted^to  the*' steepening  of  gravity 
in  the  mean  Dopp1®r  ,frequ®^y ’ !?51aJes  of  the  first  three  moments  of  the  Doppler 
waves.  When  one  deduces  th®  , wh1ch  are  longer  than  the  time  step 

spectrum  for  averages  over  time  lP^®r  1t  b1  w111  smooth  out  the  jump  and  not 
during  which  the  spectrum  jumps,  on  ta1.  the  spectrum  width  which  one 

clearly  see  the  steepened  wave‘  Mp  d d wouid  more  reflect  the  magnitude  of 

the ^ f req uencyW j ump8 1 han8 the  real  width  of  the  spectrum.  ^^^^dowI-stoS 

ofetheeorig1nal°non--steepenedtawave?hWhen  integrating  too  long  one  thus  would 
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srsss^z^r  r^ras,*;  ™ ““  .“s.ss-’tss 

sM«“SK,;S!;d  srr:?«;so,"Sn  one  r,d  =' t°™r&  ^ 

raa^i^niSSS1! 
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■Center  for  Space  and  Remote  Sensing  Research,  National  Central  University 
Chung-Li,  Taiwan,  ROC 

-Department  of  Electrical  and  Computer  Engineering,  University  of  Illinois 
Urbana,  IL  61801 

EISCAT  Scientific  Association,  Box  705,  S981  17  Kiruna,  Sweden 


. , The  Chung-Li  VHF  radar  has  been  in  operation  since  1986.  During  this  period  the  radar 

as  been  used  to  observe  the  dynamics  of  the  troposphere  and  the  lower  stratosphere  esDeciallv 

X.«dS.ndndiS3er  W‘Ca'  °f  wa..7he~ St 

(i)  Mountain  Waves 

T,me  7 ex^mPle  of  mountain  waves.  Figure  1 shows  a hodograph  of  the  horizontal  wind  on 

S/dS^ 

nVs  ,,  2 to  heigh, », bom  20  m/s  a,  lo'ta.  The 

2.5  m/s  and  the  vertical  wavelength  was  about  3 km.  We  note  the  clockwise  rotation  of  thXfnH 
for  Xh * tUrnS  rUt  thalsuch  vertical  variations  of  the  wind  are  observed  quite  often  at  Chune-Li 

located  in  the  northern  'partS^SSaZ0 fsXSan 

ssztJSgr " re,son  why  ™”n?a'n 


(ii)  Focusing  by  Layered  Structures  Modulated  by  Gravity  Waves 

Layered  structures  are  also  seen  verv  often  at  Phnna  T i At  u i 

“ons  in  recdved  “ho 

n 7VC  pr°pagat,eS  throuSh-  Therefore,  if  indeed  this  focusing  mechansm^operave  one 
should  also  see  simultaneous  oscillations  in  the  vertical  velocity  As  a matter  of  $£? l ,u 

ajayer  at^km^efghr”  The^e'rit^of  the^v^  w^approximMel^^mi^^e' nm^the  dm^shifl 

velocity  leading  the  power.  This  is  the  90  deg  phase  difference  mentioned  fbove 

(iii)  Kelvin-Helmholtz  Instability 

in  ,i,  l*  'S  We,n  kn°Yn  ‘hat  stronS  wind  shears  can  generate  Kelvin-Helmholtz  instability  nmn 
losm  Th°vmre  whlch  can  be  observed  by  VHF  radar  (KLOSTERMEYER  and  RUSTER 
1980).  The  KHI  occurs  at  a height  where  the  local  Richardson  number  is  smaller  than  0 25  One 
of  the  main  features  of  the  KHI-generated  waves  is  the  phase  jump  at  X height  where  *e 
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Figure  1.  Hodograph  of  horizontal  wind  on  June  7,  1986,  observed  by  the  Chung-Li  radar. 


power. 
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instability  is  originated  (KLOSTERMEYER  and  RUSTER,  1980).  In  the  following  we  discus 

obSr^edon  Jun^lQSfi  troPosphere  at  Chung-Li.  Figure  3 shows  the  vertical  velocity 
.A  j on8lnal  sample  penod  was  25.6  s.  A 26-point  running  mean  was 
Snerfra/a  SIf0?th.  ^ data,  It  ls  Hultc  apparent  that  wave  activities  existed  duringgthe  period 
Sa,nfi/r  y !dentlfled  a dominant  component  of  15.8  min.  The  phase  of  this  wave  was 
measured  by  correlating  a cosine  function  with  variable  phase  with  the  data  at  each  height.  Fieure 

about  7 km  height.  Figure  4b  shows  the  Richardson  number  as  a function  of  height  calculated 

Phnnon  dwa  fr°.m  !he  radfosonde  at  Pan  Chiao,  which  is  approximately  25  km  northeast  of 
Chung-Li.  We  note  that  a minimum  of  Ri  value  of  0.4  was  obtained  at  7 km  height  Although  the 
computed  Ri  did  not  actually  go  below  0.25,  due  to  the  limitation  of SgSrcsolution  S Z 
radiosonde  data,  it  is  quite  clear  that  KHI  occurred  at  about  7 km. 
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Figure  3.  Vertical  velocity  observed  by  the  Chung-Li  radar 
points  running  mean,  sampling  time  was  25.6  s. 


on  June  9,  1986,  smoothed  by  26 
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Figure  4 (a)  Phase  of  the  15.8-min  wave  as  a 
Figure  3.  (b)  Richardson  number  as  a function 
data  set  in  Figure  3. 


function  of  height  deduced  from  data  shown  in 
of  height  for  the  background  atmosphere  for  the 
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A Typhoon  Observed  with  the  MU  Radar 

Toni  Sato*,  Naoki  Ao,  Mamoru  Yamamoto 
Shoichiro  Fukao,  Toshitaka  Tsuda,  and  Susumu  Kato 

Radio  Atmospheric  Science  Center,  Kyoto  University 
Uji  611,  Kyoto,  Japan 


1 Introduction 

The  first  observation  of  a typhoon  with  the  MU  radar  ( 136  1°F  14  q®mi  , 

13-18,  1983  (Kato  et  al.  19841  Th»  mit  j ( 1 E’  349  N)  was  made  on  August 

system  of  about  1/8  of  the  current  one  bothforthTT  °perat,onal  atthat  time  with  a partial 
the  antenna  bean!  wan  ‘>°Wer' 

with  one  beam  direction  flO°  to  flip  pooM  i v observation  was  made 

“ ~ *^rrLXhr^kr^r "" °f  the 

radar  was  fully  operational  during  the  passage  of  the  tvnhnnn  l ’ 198?'  Th  MU 

continuously  for  about  60  hours  around  Hip  100D’  anc^ the  Nervation  was  made 

sss 


2 Observational  Techniques 

»r  antenna 

angle  are  observed  with  l Zin  elZ  rf  150  m ■?  e ^ "?  ”ith 

IPP  of  400  ns  In  a cyclic  manner  *”  dlrK“>ns  ”e  swi,ched 

a GaufflianEur^to  “*  m dK““d  ^ * «*«”« 

velocity  component  is  determined  from  tlipT  Sp^C  lU,m  at  eacl1  ranSe  Sate.  The  zonal  wind 

ass 

Now  at  Department  of  Electrical  Engineering  II,  Kyoto  University,  Kyoto  606,  Japan 


Fig.  1.  Route  of  the  center  of  typhoon  8719. 


Mean  Wind  Associated  with  Typhoon  8719 


Tvnhoon  8719  was  upgraded  from  a tropical  law  on  October  11,  1987  at  east  of  Philippine. 

STSS toward  northwest,  reached  .0  its m?,  -g*  ta’S " 

Of  975mb  at  the  center  and  packed  central  winds  of  40  ms  1 on 

TTatTjS^OctS'  17  c^X^lS^UTed  Honshu-ishmd  (mainland  Japan) 
18  “ ‘ T,T  The  a!  its at  3 JST  was  975  mb,  with  central  winds  of  30  ms- 

It  speeded  up  and  further  proceeded  toward  north-nortlieast,  and  blew  out  i into  the  Sea  o 
lao^  at  7 JST  Figure  1 shows  the  route  of  the  typhoon.  The  typhoon  ts  es  imated  to  have 
pi  t the  northwest  of  the  MU  radar  at  around  5 JST, 

iat  of  the  "enter  of  the  typhoon.  Rotating  wind  field  associated  with  the  passage  of  the 
Wtoonfs  dearly  shown  in  the  figure.  Effect  of  the  typhoon  on  the  mean  wmd  ,s  observed  up 

to  about  18  km. 
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ZONAL-MERIDIONAL  WIND 
15-18  OCT  1987 


4 Long  Period  Waves 


tion°OnTr7t}lke  fluCtUatl°US  SUperiniposed  011  the  mean  wind  are  found  during  this  ohserva- 
■ of  the  most  pronounced  among  these  is  the  fluctuations  with  fairly  short  (2  4 kml 
vertical  wavelengths  and  with  apparent  periods  of  the  order  of  10  hours F gur e 3 shows  thi 

Z J COmp“e“  «"■  '«tical  wavelengths  of  2-4  km  versus  time  and  height  Coltours 

wind  Sl'a<1<!  <,e,“>“*  eM'™d  Tl"  »emge  tonal 

abl^tendeney^o^mrtwd^ami^d8'011  * t?"'  ""  "““S8  °f  lht  W”*.  “ «™r,k- 

..  . ^ pwaic*  and  downward  phase  progression  below  and  above  about  14  tm 

height  1Dg  W ,er  e h0d0graph  has  a right-handed  or  a left-handed  curvature  with 
Figure  4 indicates  the  portion  of  the  waves  propagating  upward  and  downward  by  the 
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fluctuating  component  of  zonal  wind  average 


LOCAL  TIME 


Fig.  3.  Zonal  wind  component,  with  vertical  wavelengths  of  2 4 km 


*** ...  *****  «**•  - 3,  **  “S 

upward  propagation,  respectively.  lepte  oinma  ( jt  aves  An  outstanding  feature 

the  general  tendency  of  upward  energy  tianspoit  b>  gra  y „ October  17 

«.  . *»  — ofmopag^ion 

at  about  9 km  height.  The  boundaiy  >e  "ee11  Existence  of  regions  with  clear 

^ — - 

the  MU  observatory  during  this  period  at  similar  ckmd  top 

with  time  as  the  boundary  shows.  ns  ^nipei  . radiosondes,  and  also  observed  by 

height  estimated  from  the  humidity  pi  o e o isen  . wjtjx  distances  of  a few  hundred 

the  radiosondes  launched  from  “^wing .ad^  also  observ-ed  an  enhanced  scattering  layer 
kilometers  from  the  MU  radai.  The  *■  inversion  is  caused  by  some 

at  the  same  heigh..  These  observed  features  suggest  “ ,Ms  „ 

atmospheric  discontinuity  such  as  a fiont.  o\\e\  , indicates  that  this  layer  has  no 

estimated  from  the  irtomd.  '^Jd  alter  the  typhoon  had  mossed  the 

* — «*  “ ■»  - ,he  TOe  “,,v,,y 

discussed  here. 
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DIRECTION  OF  PROPAGATION 
15-18  OCT  1987 


ORIGINAL  PAGt 

QF  *00!?  A*  ' 


local  time 


Fig.  4.  Direction  of  vertical  propagation  of  the  waves  shown  in  Fig.  3. 

5 Short  Period  Waves  and  Oscillations 

Besides  such  long  period  waves,  a substantial  amplitude  was  observed  also  for  much  Sorter 
iSTS  ™e  of  the  vertical 

related  t0  the  tltphS 

which  reached  such  high  .Eudes  <*  f 

6 Summary 

tSSr~f*T3SSS2; 


( i , A.  w i. 
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WIND  VARIANCE  (Az,Ze)  = ( 0,  0) 
15-18  OCT  1987 


!■  ? - . 

« ’jy  V 

v V-^  . - 


4 (m/s)2 


0.16 

0.12 

0.08 

0.04 

0.00 


HOUR 
OCT  1987 


LOCAL  TIME 


Fig.  5.  Variance  of  the  vertical  wind  fluctuations  with  periods  ofless  than  20  nun. 

the  waves  with  their  sources,  which  is  one  of  major  advantages  of  studying  isolated  disturbances 
such  as  a typhoon. 
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OF  THE  MOTION  OF  THE  UPPER  TROPOSPHERF  Awn  r owed 
STRATOSPHERE  REVEALED  BY  MU  RADAR  OBSERVATIONS  - CASE  STUDY 
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Susumu  Kato,  Toshitaka  Tsuda,  Shoichiro  Fukao,  Toru  Sato,  and  Mamoru  Yamamoto 

Radio  Atmospheric  Science  Center,  Kyoto  University 
Uji,  Kyoto  611,  Japan 

1,  INTRODUCTION 

-wMss  •'■‘i 

modehng  of  certain  models  of  the  atmospheric  dynamic  system.  The  most  famous  mod^TisTife 

SiSSiSSSSSS— = 

essSSKSS SS-SSe-SH4 

2.  TECHNIQUE  AND  DATA 


X(t)  = {xI(t),...,xL(t)>;  t = to  + pAt,  p = 0,  1.....N 
then  define  the  reconstructed  phase  space  with  time  lag  x,  Y(t),  as 

Y(t)  = (yj(0)  (t) yi(k-l)  (t);...;yL(0)  (t),„.,yL(k-l)  (t)} 

t = to  + pAt,  p = l,2,...,(N-{k-l)  X) 

W = *i(t  + jt),  j = 0 k-l;  i = 


0) 


(2) 
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Obviously  in  the  present  case  x should  be  some  integer  multiplying  At.  BuedoaY(0  with 
different  lag  x,  we  can  calculate  the  dimensionality  and  Lyapunov  exponent.  The  procedures  are 
simply  described  as  follows: 

(1)  Algorithm  of  estimating  correlation  dimension  (GRASSBERGER  and  PROCACCIA,  1983). 

A.  Utilizing  the  vector  time  series  (1),  reconstruct  a dynamic  system  such  as  (2). 

B.  Calculate  the  correlation  function 


C(r)  = X 0 (r  - 1 Y(q)  - Y(tj)l ) 
w j=i 


(3) 


where  I Y(t ) - Y(t;)l  stands  for  the  distance  between  the  phase  points  Y(q)  and  Y(tj).  0 (x)  is  the 
Heaviside  function,  which  is  equal  to  zero  or  1 if  x > 0 or  < 0,  and  N is  the  total n\mbexof  p ase 
points.  In  fact,  C(r)  is  a cumulative  distribution  function.  It  describes  the  probability  of  the  event 
that  the  distance  between  any  two  points  on  the  attractor  is  less  than  r. 

C.  The  relationship  between  lnC(r)  and  lnr  should  be  linear  in  an  adequate  range  of  r.  In 
other  words,  C(r)  should  be  a power  function  of  r,  i.e., 


C(r)  ~ id(m) 


(4) 


Then  the  slope  d(m)  of  lnC(r)  versus  lnr  is  an  estimation  of  the  correlation  dimension. 

D Increase  embedding  dimension  m and  repeat  the  above  procedure  until  d(m)  reaches  a 
saturation  limit.  This  saturation  value  dL,  will  be  regarded  as  the  dimensionality  of  the  embedded 
attractor. 

2.  Algorithm  of  estimating  the  largest  Lyapunov  exponent  (LLE)  (WOLF  et  al.,  1985) 

A.  Same  as  above,  the  first  step  is  to  reconstruct  an  m-dimensional  phase  portrait  such  as 
(2)  using  given  actual  data  (1). 

B.  Setting  the  initial  point  Y(to)  as  the  fiducial  point  and  its  ^arest  neigh^r  (in  the 
Euclidean  sense)  Y(t,)  as  the  end  point,  construct  an  initial  vector  V0  and  calculate  its  length  Lo(to). 

C.  As  the  initial  vector  travels  along  the  trajectory,  trace  it  until  its  length  reaches  a local 
maximum.  The  new  vector  is  referred  to  as  an  evolved  vector  and  written  as  V|(lta + Tq). wh« ire 
To  is  the  evolving  time,  then  calculate  the  length  of  the  evolved  vector  and  denote  itwith  Mtq 
Tq).  Then  the  averaged  rate  of  exponent  growth  of  phase  length  L m the  time  period  Tq  may  be 

expressed  as 

i,__Llog  k (5) 

its  unit  is  bit/second. 

D Treat  Y(t„  + T„)  as  the  new  fiducial  point  and  lode  for  a new  end  point  that  satisfies  the 
following  two  conditions  reasonably  well:  the  length  of  the  new  constructed  vector  Vi  (referred  to 
as  ^placement  vector),  L,(t,),  is  small,  and  the  angular  separation  0!  between  the  evolved  and 
the  replacement  vector  is  small,  also. 

E Use  V,  as  the  new  initial  vector  and  repeat  steps  B,  C,  and  D.  The  calculated  growth 
rate  is  denoted  as  V.  The  above  procedure  goes  on  until  the  fiducial  point  reaches  the  end  of  the 
point  set  { Y(ti) } . We  take  the  average  value  of  the  growth  rates  A*  as  the  esdmadon  of  die  larges 
Lyapunov  exponent,  i.e., 
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Nu 


tJt  logz  (6) 

k=l 

where  stands  for  the  total  number  of  replacement  steps. 

the  given* tin^eries^hasnenou^ length21*00  “ is  *“*•**  «* 

1987  “sed  in  present  cas?  study  is  *e  MU  radar  observation  on  18-20  August 

1987,  three  c^yscon&nuous  observation.  We  selected  three  altitude  ranges  around  the  tiopopause 
.e.,  10  km,  14  km,  and  18  km  that  represents  the  upper  troposphere  and  lower  stratosphere.  We 
used  wind  components  of  u and  v,  the  time  interval  of  observation  was  about  2.5  min  P The  data 
consisted  of  two  components  and  1 555  time  points. 


3.  RESULTS  AND  DISCUSSIONS 

Basedon  the  MU  radar  observation  data  sets  and  the  procedures  for  estimating  correlation 
dmienswns  (D)  and  the  largest  Lyapunov  exponent  (LLE)  described  in  the  last  section8  D and  LLE 
different  altitudes  (10,  14,  and  18  km)  were  calculated  separately.  Table  1 lists  the 
pon  ng  largest  Lyapunov  exponents.  From  Table  1 the  following  results  can  be  obtained. 

freedom^  ^ atmosphenc  system  as  we  studied  in  this  paper  is  a system  of  low  degrees  of 

B.  In  the  upper  troposphere  the  correlation  dimension  of  the  system  is  about  4-5  the 

corresponding  saturated  embedding  dimension  is  about  10.  It  means  that  for  a full  description  of 
this  system,  5 independent  parameters  is  the  least  and  10  is  the  most.  P °n  ” 

C.  In  the  lower  stratosphere,  the  correlation  dimension  and  the  saturated  embedding 
dimension  are  about  6 - 7 and  14,  respectively.  That  means  the  lower  stratosphere  contains  more 
complicated  motion  scales  than  the  upper  troposphere. 

mnHn  9'  Jhe  calculated  Lyapunov  exponents  show  that  the  time  scale  of  predictability  for  the 
resSvelyACSC  * ra"gCS  ^ ab°Ut  110  ' 125’  125  " 150>  "*135  - 160  minutes, 


Table  1. 


Altitude 

(km) 

Correlation 

Dimension 

Embedding 

Dimension 

Lyapunov 

Exponent 

Predictability 

(min) 

10 

4.14 

10 

0.156 

110-125 

14 

4.45 

10 

0.137 

125-150 

18 

6.84 

13 

0.124 

135-165 

4.  SUMMARY 

T preS?m  caf  study  we  see  once  again  that  atmospheric  motion  is  chaotic.  Also 

ST  radar  data,  such  as  that  from  the  MU  radar,  are  very  useful  to  research  of  the  chaotir 
atmosphere,  m particular  in  the  free  atmosphere  where  obtaining  quasi-continuous  data  is  verv 
difficult.  Since  MST  radars  have  the  ability  of  obtaining  more  than  six  independent  parameter^ 
such  as  three  components  of  wind  vector  and  their  gradients,  echo  power  etc  it  will  l 
powerful  tool  to  fully  describe  the  performance  of  the  atmospheric  systei£  It  is’reve’aled  that  from 
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X. 


INTRODUCTION 


served  spectrum  of  mesoscale  variability  in  df"1"8  ^ natUre  of  the  °b- 
progress  has  been  made,  for  example  through  * f«e  atmosphere.  Major 
of  Doppler  radar  observations  o/Lrizont^l^r^3!  a"alysis  of  tin>e  series 
frequency  spectra  determined  from  radar  oh!  ard  Yerti^al  velocities.  The 
spectral  models  for  internal  waves  ana  orvations  have  been  compared  with 
(VANZANDT,  1982,  1985;  SCHEFFLER  AND  LlU^igas*0 'd*mensional  turbulence 

K AND  LIU-  1985:  and  GAGE  AND  NASTROM,  1985a, b). 

spectrum  of  horizontal^locitifs^ther^is^  COncarnin8  the  nature  of  the 
veiocity  spectra  in  undisturbed  condition!  arralmLt^^r^  that  the  vertical 
waves.  This  view  is  supported  by  the  clima?oLe!oT  dUe  C°  internal 

spectra  of  vertical  motions  reported  bv  Ervin!?8  V5  y °f  the  fraqnency 
analysis  of  vertical  velocity  observation  f al  ^1986)  and  the  detailed 

al,  1988;  VANZANDT  et  al , 1989).  fr<>nl  the  Flatland  radar  (GREEN  et 

waves,  the  ho r i zon ta  1 l!c i S <emS  t0  result  from  internal 

from  both  internal  waves  and  quasi -two  dimLsi  eXFected  to  have  contributions 
GAGE  AND  NASTROM  ( 1985a, b;  1986)  !nd  GAGE  (1989?°  £Urbulfnce  af  discussed  in 
received  increased  attention  from  the  no  Recentiy.  this  subject  has 

work  of  MOLLER  et  al  (1988)  who  estimate  the8!3?  ^ COmnlUnity  in  the  recent 
waves  and  vortical  modes  to  the  ocl.n  c!r  ^ !?e  contributions  of  internal 

The  coexistence  of  waves  and  quasi  two  Hi  spectra  observed  during  IWEX. 
the  analysis  of  stratified  turtule^ce^ ^Trbulenca  Is  anticipated  in 

(1983).  The  subject  of  turbulence  in  stratifi^?!  R*!E\et  31  (1981)  and  LILLY 
reviewed  by  HOPFINGER  (1987).  stratified  fluids  has  recently  been 

f the  enhanced  frequency 

wind  conditions.  We  hypothesize  that  these  “““"tains  under  strong 

tions  are  due  to  a contkminati^  3 thl  l ed.spectra  vertical  mo- 

quasi -horizontal  motions  that  occur  on  isent™?  m0tl°ns  bY  a component  of  the 
hypothesis,  when  isentropic  surfaces  are  tilted  *«S?hfaCeS'  ,Acc°rding  to  this 
vertical  beam  of  the  Doppler  radar  observes  they  3re  by  lee  waves,  the 

motions.  This  hypothesi?  is  Jy  ™iovir*P°Tt,  °f  ^ qUasl -horizontal 

the  observed  vertical  velocity  spectrum  to  th  8k3  Sil”Fla  model  that  relates 

spectrum.  Observations  taken  by  the  Pla3e3lle  "rT  borizontal  velocity 
this  purpose.  7 latteville,  Colorado  radar  are  used  for 
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2.  THE  ENHANCED  FREQUENCY  SPECTRUM  OF  VERTICAL  MOTIONS 


THe  possibility  that  the  enhanced 

might  be  due  to  D°PPler  sCHEFFLER  AND  LIU  (1986)  and  FRITTS  AND  VANZANDT 

needs  to  be  considered.  Both  SCHEFFLER  AND  tiu  i of  lnternai  waves. 

(1987)  have  ana^zed  the  effect  of^mean^  ^ ^ reUtively  small  changes  of 
vertical" velocity^spectra^ that  are  observed  at  Flatland  can  be  explained  by 
Doppler  shifting. 

„.„s  tr.  SSSSS 

SiSiS  S£ s-.;.— «. ,.. 

of  the  Rocky  Mountains. 
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Period- Minutes  (Hours) 

2 1116  fre<Iuency  spectrum  of  vertical  velocity  observed  in 
southern  France  during  ALPEX  for  quiet  days.  (After  ECKLUND  et  £, 


3 • Sg^!iSiS0V,,n“t  H°RIZ0NTAL  »"«  OBSERVED  AT 
1980' T*  ItawasV«leinallv  ^ ^ ‘2  Contlnuous  operation  since  the  early 

“us;  r 

c.iors:p«;t;hov"t;rF,sr“y  ssr;  !°r  “» -‘"t  « »«■«■, 

spectral  magnitude  and  systematic  variation  of  ®how  cl«arly  the  enhancement  in 
increasing  winds  at  this  location  tHa  h u * sPectr*1  slope  that  accompanies 

are  very  similar  when  all  available  data  are  used  alth°ugh  the  results 

r - sr  sz  iysrs^s 

S STS51 
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Platteville , CO  during  the  winter 
season  at  5.8  km.  Spectra  shown 
are  composite  spectra  averaged  over 
several  years  and  stratified  by 
vertical  velocity  variance. 


Winter  U 5.8  km 


Figure  4.  The  frequency  spectra 
of  zonal  wind  speed  observed  at 
Platteville,  CO  during  the  winter 
season  at  5.8  km.  The  spectra 
represent  the  same  period  of  ob- 
servation as  the  spectra  in  Fig.  3 
and  are  stratified  in  a similar 
manner . 


A SIMPLE  MODEL  FOR  THE  ENHANCED  VERTICAL  VELOCITY  SPECTRUM 
.pectrum 

“.irass  u»- 

tial^vortici ty^irodes  are ' comprised  of  quasi -horizontal  eddies  that  follow  very 

onlv  to  internal  waves.  The  horizontal  motion  field,  however,  will  be  com- 

so  that  there  will  now  be  a vertical  component  to  the  vortical  motion. 

The  consequences  of  the  model  on  observations  by  a vertically  directed 

cal  motion. 
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The  process  can  be  quantified  as 
is  8 , the  observed  vertical  velocity 
tal  velocity  spectrum  <X>  (<j)  by 


follows.  If  the  effective  tilting  angle 
spectrum  *w<W)  is  related  to  the  horizon- 


*ww(“)  - sin 


* (w) 

uuv  7 


+ [*  (w)]  , 

ww  internal  waves 


(1) 


j.  wavco 

Thus  if  5 were  known  it  would  be  possible  to  estimate  the  vertical  velocity 
spectrum  from  the  observed  horizontal  velocity  spectrum  since  the  internal  wave 
spectrum  is  fairly  well  known.  From  the  Platteville  observations  Ve can 
deduce  the  effective  tilting  angle  that  satisfies  Eq.  (1). 


Figure  5.  An  illustration  of  the 
deduction  of  the  vertical  velocity 
spectrum  from  the  observed  hori- 
zontal velocity  spectrum  using 
Eq . 1.  Also  shown  is  the  observed 
vertical  velocity  spectrum  for 
u - 17  ms-1  for  comparison. 


Figure  6.  Frequency  spectra  of 
vertical  velocity  derived  from 
the  observed  horizontal  velocity 
according  to  Eq.  1.  These 
spectra  should  be  compared  with 
the  observed  spectra  in  Fig.  3. 


5.  VERTICAL  VELOCITY  SPECTRA  DEDUCED  FROM  THE  SIMPLE  MODEL 

„ . Vertical  velocity  spectra  can  be  deduced  from  the  observed  horizontal 

tivVJn ffPeC  ”7  b?  farSt  determininS  the  effective  tilting  angle.  The  effec- 
tive tilting  angle  is  determined  by  the  value  of  S required  to  reduce  the 
horizontal  velocity  spectrum  to  the  observed  magnitude  of  the  vVrUcVl  Wlocity 
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spectrum.  For  example.  Figure  5 the 

horizontal  velocity  spectrum  when  the  effective  tilt 

" ss'SL.’SS’i.'ssfs;  jssr-ri---  «* 

Eq.  (1)  for  these  observations. 

Model  vertical  velocity  spectra  for  the  ^^^^^H^two'setfof 
velocities  in  Figure  4 are  shown  n rm|U^fective  ti^t  angles  that  are  consis- 
spectra  shows  excellent  agreemen  . « . This  magnitude  of  tilt  is 

tent  with  the  model  fall  in  the  range of  order  ten 
easily  produced  by  lee  waves  that  p f m seVeral  hundred  meters  to 

kilometers  and  vertical  g0fgCourse  in  the  absence  of  mountain 

greater  than  one  kilometer  (GAGE  1986)  Of  course  in  vertical 

lee  waves  tilting  would  not  be  sufficient  to  produce  ^£«™“are  generally 

rilSi^rST:  few  tentpA^r^e.  Propagating 

« v«Ao.  «»*-.. « 

even  over  flat  terrain. 

6.  CONCLUSIONS 

4 .i.pl.  m°d«l  h"db"c"p;"«“nu”c*iorSo  ir/wSiriSS™."' 

tilting  of  isentropic  surfaces  due  to  lee  waves. 

While  the  simple  model  proposed  here  is 

rriwTrSt  of 

4U.rn.tlv.ly,  LI  JS  M th.  h.rl..«.l 

ve 1 o c i t^spe c t r a is  associated  with  vortical  modes  and  how  much  is  due  to 
internal  waves. 
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ON  THE  ROLE  OF  PARAMETRIC  INSTABILITY  IN  RADAR 
OBSERVATIONS  OF  MESOSPHERIC  GRAVITY  WAVES 

J.  Klostermeyer 

Max-Plan ck-Institut  fur  Aeronomie,  3411  Katlenburg-Lindau,  FRG 


1.  INTRODUCTION 

Parametric  instability  of  gravity  waves  has  been  investigated  since  many  years 
both  theoretically  and  in  laboratory  epxeriments  (MCEWAN  and  ROBINSON,  1975; 
MIED,  1976;  DRAZIN,  1977;  KLOSTERMEYER,  1982,  1983).  A monochromatic 
finite  amplitude  internal  gravity  wave  is  a simple  example  of  a space  and  time  depen- 
dent fluid  flow  that  even  at  vanishingly  small  wave  amplitude,  is  inherently  unstable 
due  to  resonant  wave-wave  interaction  (MIED,  1976).  In  the  absence  of  molecular 
dissipation,  there  is  no  threshold  for  instability  to  occur  as  in  the  case  of  horizontally 
stratified  time  independent  shear  flows  for  which  Ri  > 1/4  (Ri:  Richardson  num  er) 
is  a sufficient  criterion  for  stability  (MILES,  1961). 

Only  few  authors  have  applied  the  theories  of  resonant  interaction  and  parametric 
instability  to  atmospheric  gravity  waves  (YEH  and  LIU,  1981,  198®;  ' 

MEYER,  1984;  DUNKERTON,  1987;  INHESTER,  1987;  DONG  and  YEH,  1988). 
Whereas  the  application  of  weak  resonant  interaction  theory  to  internal  atmospheric 
gravity  waves  can  be  criticized  because  these  waves  are  strong  at  least  at  meso- 
spheric heights,  the  theory  of  parametric  instability  is  not  limited  to  small-amphtu  e 
primary  waves  and  can  be  applied  whenever  there  is  a strongly  dominant  harmonic 
wave  within  a spectrum  of  otherwise  weak  waves.  Such  events  may  occasionally  occur 
at  mesospheric  heights.  Moreover,  since  the  semidiurnal  tide  usually  dominates  the 
mesospheric  wave  spectrum  (RUSTER,  1984)  it  appears  worth-while  to  extend  the 
theory  of  parametric  instability  to  waves  in  rotating  stratified  fluids  and  compare  its 
predictions  with  mesospheric  observations. 


2.  SUMMARY  OF  THEORY 

The  following  short  description  of  parametric  instability  theory  is  restricted  to  two- 
dimensional  motions  in  an  unbounded  inviscid  uniformly  stratified  Boussinesq  fluid 
(cf.  MIED,  1976;  KLOSTERMEYER,  1982).  In  the  atmosphere,  the  Boussinesq 
approximation  is  valid,  if  the  gravity  wave- associated  fluid  velocity  is  much  smaller 
than  the  speed  of  sound  and  the  wavenumber  k is  much  larger  than  the  reciprocal 
density  scale  height  H : k2  » (2 H)~\  This  relation  is  satisfied  for  wavelengths 
smaller  than  about  10  km.  We  introduce  a stream  function  and  buoyancy  B by 
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U = (*„-#,),  B = -P-^g  (1) 

P * 

with  U,  p and  g denoting,  respectively,  the  fluid  velocity,  density  and  gravitational 
acceleration,  p,  is  some  suitable  constant  reference  density  used  in  the  Boussinesq 
approximation  to  replace  p in  the  inertia  term,  x and  * are  horizontal  and  vertical 
coordinates,  and  the  subscripts  denote  the  corresponding  partial  derivatives.  Then 
the  fluid  motion  is  described  by  the  nonlinear  vorticity  and  density  equations 

B,  - N2<bx  = <S>XBZ  - VZBX 
with  N the  Vaisala-Brunt  frequency. 

The  finite  amplitude  plane  wave 


* = A cos  B - cos  $ 

with  $ = lx  + mz  - ut  is  a solution  of  (2)  if  the  dispersion  relation 

u;2  = TV 2 cos2  6 

with  0 = arctan  (m/l)  is  satisfied.  To  investigate  the  stability  of  (3)  we  put 


where  and  b 
ables  by 


^ = Acos$  + V>,  B = —N2lw~l  A cos  $ + b 
are  perturbation  quantities.  We  further  define  nondimensional 


(5) 

vari- 


(x,  z)  = k(x,  z),  t=  Nt,  y=k2N~l'l>,  B=kN~2B,  M = k2{2N)~1A  (6) 

with  k = (l2  + m2yi2  and  introduce  a rotated  coordinate  system  ({,  tj)  such  that  the  n 
axis  coincides  with  the  wavenumber  vector  k of  the  primary  wave  (3).  Substituting  (3) 
into  (2)  and  neglecting  all  terms  containing  products  of  the  perturbation  quantities 


f sin  0b(  + cos  0bv  = 2 M sin  + V2^>f  ) 

b,  - sin  8rj>(  - cos  6ipv  = 2 M sin  + b()  ^ 

where  the  tilde  of  the  nondimensional  variables  has  been  omitted  and  V2  = d2  ld(2  + 
d2/ dr)2,$  = t)  - cos  Qt. 


Floquet  theory  requires  solutions  of  the  form 


°C 

(V>,  b)  = e>(-a  Bin <3^+a  co><3r))+At  y' 

J = ~oo 


(8) 
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,.  , _ f|  , c>jled  a Floquet  wave  that  has  a wavenumber  a 

where  the  term  with  , - • 0 I » “ . 'wavenumber  vector  k.  The  complex 

and  propagate,  at  an  a gleji  to  the  P^  ^ ^ ^ probl,„.  For 

nT^etiln.U  perturbation  wavenumber.  and  frequence,  m . - . 

coordinates  are 

kj  = (a  cos(0  + 0)  + j cos  0,  a sin(0  + 0)  + J sin  B)  (9) 

u)j  z=  j cos  9 — ImA 

so  that  for  all  j 

(10) 

k,+x  - k3  = k,  Uj+i  - Wj  - w. 

Since  a,  = co,«,  where  t,  » the  angle  between  k,  and  the  horiaontrd,  parametric 
friSt,  reduces  to  nonlinear  resonant  intention  for  M - 0. 

g BRAGG  SCATTER  FROM  FAST  GROWING  INSTABILITIES 

The  eomputed^re.ults  in  thisand  themixt  ^Silbom  it« 

r^/VVhile  both  the  P"—  " 

have  been  varied  systematica  y.  vectors  pointing  to  the  hatched  areas 

were  generally  found  for  Floquet  wavenumber  vectors  P°»™6 
aw  branches  A and  C of  the  interaction  diagram  in  Figure  1. 


Figure  1.  Resonant  interaction  diagram 
for  a primary  wave  propagating  at  an  am 
. O _ _72°.  Any  point  on  a branch 
defines  a resonant  triad  satisfying  (10). 
Thick  (thin)  branches  indicate  unstable 
(stable)  triads.  The  hatched  parts  of 
branches  A and  C are  locations  at  which 
triads  containing  the  primary  and  the  1 lo- 
quet  waves  give  rise  to  fast  growing  para- 
metric  instabilities. 


Th.  maximum  growth  rate,  max  (Re*)  near  branches  A and  C as  function,  of 
„ a,,  ,how„  in  Frgure  2.  Note  that  the 

do  not  point  exactly  to  ”»g  disturbance  waves  have  wa.enum- 

ber^cOTiparaU*6!0  the  primary  w^enurobM^^Mcl^is^Ry^inJ^n^'PP^P^j 

A a.  - primary  wave 
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amplitudes  (M  = C.l  M = n a+  i w 

scale  disturbances  along  branch  grow  fate  th  ^ih^J0'4  °'6'>’  the  Sma11' 

C.  In  the  absence  of  moIecX 1 s disturbanc^  «Jong  branch 

values  whereas  in  the  presence  of  dissipation  there^68  6X160(1  t0  mfinitely  Iar«e  <* 
MEYER  19831  The  ““ipation  there  is  a viscous  cutoff  (KLOSTER- 

surements  is  ev  rident-  ^4 ^ ^ ° 1 6 r 1 C ^nstabdity  to  atmospheric  radar  mea- 

arbitrary  amplitude  gives  rise  ?°!r  dlSS%paUon’  0 gravity  wave  of 

i.e.  it  makes  its  own  appLrMce  without3Ca^H  <i,,<Ur6a,lCW  productn9  Bragg  scatter , 

Kelvin- Helmholtz  or  static  instability01"  ^ eXternaJ  turbulence  source  like 


AYERED  STRUCTURES  AND  TAYLOR’S  HYPOTHESIS 

r ^ -t4::::-; t ssf » f” * < - 

IS  modulated  by  a Fourier  series  with  a sn  F 'l  6 °n  the  nght  of  (8)  that 
wavenumber  m of  the  primary  wave.  The  Pen°dlC,ty  determined  by  the  vertical 
group  velocity  equal  to  the  phase  velocity  of" thf™1"1"8  ” F,gUrC  3 thus  move  with  a 
further  reveals  that  the  wavenumber  of  h f ^ C1°Ser  ^nation 

general  it  turns  out  that  at  a » 1 f******  SlighUy  0n  ? In 

» 1,  the  Floquet  solutions  for  if  and  b or  any  linear 
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combination  of  both  quantities  and  their  derivatives  can  be  described  by  the  WKB 
approximation 

a(*)*)t)e*(,A0  (U) 

where  „ is  a rapidly  varying  phase  angle  and  a a slowly  varying  amplitude  so  that 
we  can  define  a local  wavenumber  vector  and  a local  angular  frequen  y y 

k'  = (¥>*,¥>*),  w'  = -<pt- 

All  instabilities  arising  from  Floquet  wavenumber  vectors  pointing  to  branch  A of 
the  interaction  diagram  thus  form  a continuous  wavenumber  spectrum. 


Figure  3.  Stream  function  and  buoyancy  perturbations  vs.  height 
for  constant  x and  t,  produced  by  a primary  gravity  wave  with  8 - 
-72°  and  M = 0.1,  and  a Floquet  wavenumber  vector  with  a 1U 
pointing  to  branch  A.  All  quantities  are  normalized  according  to 

(6). 

Are  the  high-wavenumber  disturbances  frozen  in  the  flow  of  the  primary  wave 
(Taylor’s  hypothesis)?  We  have  to  compare  the  time  derivative  t/>,  and  the  advec  iv 
term  (U  V)V>  calculated  from  (8)  where  the  stream  function  perturbation  t/>  co 
also  be  replaced  by  the  buoyancy  perturbation  b or  some  other  pertur  a ion  quan  y 
obtained  from  i/>  and  b.  U is  the  space  and  time  dependent  fluid  velocity 
primary  wave  (cf.  (1)): 

u = Asin$(-m,Z).  (13) 

Since  at  a » 1,  all  perturbation  variables  can  be  expressed  by  the  WKB-ansatz 
(11)  we  have  approximately 

d ■ ' u • V = ik'  • U.  (14) 


dt 


— — lid 


Both  w'  and  k'  • U have  been  computed  at  equidistant  values  of  $ in  the  inter- 
val [0,2tt].  The  correlogram  in  Figure  4 shows  that  the  majority  of  a vaues  is  in 
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fact  strQngly  correlated.  Only  those  values  computed  at  small  amplitudes  a of  the 

TT  LT  n°  °r  weak  ^relation.  This  does  not  necessarily  mean  that 
/ ,.  . ^ 0 because  the  relations  (14)  may  be  invalid  at  small  a.  Preliminary 

studies  indicate  that  the  range  of  4>  within  [0,  2tt]  yielding  strong  correlation  between 
* , ailk  ; U increases  with  increasing  a.  For  a given  Floquet  wavenumber  a,  Taylor’s 
hypothesis  thus  is  valid  at  sufficiently  large  amplitudes  a . 


figure  4.  Correlogram:  Disturbance  wave  frequency,  u' , vs. 
advection  by  primary  wave  fluid  velocity,  k'  • U,  for  a ’pri- 
mary wave  with  6 = -72°  and  M - 0.1  and  a Floquet 
wavenumber  a = 10.  Ihe  continuous  line  represents  perfect 
correlation.  The  circles  are  obtained  from  pairs  of  values 
taken  over  one  cycle  of  the  primary  wave.  Deviations  from 
stiong  coi  relation  occur  only  at  small  disturbance  wave  am- 
plitudes (Vf.  (11)). 


we  asume  for  simplicity  that  the  radar  refractive  index  varies  as  the  air  density 
°i.  equivalently,  as  the  buoyancy,  the  scattered  radar  signal  power  would  show  the 
same  height  dependence  as  the  amplitude  of  6.  The  radar  signal  power  then  has  a 
layered  structure  moving  at  the  phase  velocity  of  the  primary  wave,  and  the  signal 

< ppler  shift  yields  the  fluid  velocity  of  the  primary  wave  except  perhaps  at  vanish- 
wigly  small  signal  power. 


5.  A CASE  STUDY 


In  laboratory  experiments,  DAVIS  and  ACRIVOS  (1967)  demonstrated  that  an 
internal  gravity  wave  propagating  along  the  interface  between  fluids  of  different  den- 
Si  les  can  >e  istorted  by  energy  exchange  within  resonantly  interacting  triads  The 
power  spectrum  of  a strong  internal  gravity  wave  in  the  lower  thermosphere  gener- 
c y the  eiuption  of  Mount  St.  Helens  on  18  May  1980  was  explained  in  terms  of 
parametric  instability  by  KLOSTERMEYER  (1984).  ROTTGER  (1987)  has  noted 
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lh«‘  sOUSY^H^ Radar M^l^XredboObservatory  ah™ hi6h.teq«a™y 

::,ltr. superposed  on  low-frequency  gravity ««•  ««  P<™‘=  height 

plitude  of  the  dominating  low-frequency  wave,  does  „ absent- 

even  though  wave  breaking  discern, hi,  from “ '"  ability  must  be  con- 
Therefote  some  other  saturat.on  process  such  as  parametnc  ,ns 

sidered.  . , t tv,e  iOCal  Vaisala-Brunt  fre- 

Short-period  gravity  waves  withfreque  observations  Gf  vertical  or  near 

quency  occur  frequently  WOODMAN,  1976;  MILLER  et  al.,  1978]. 

vertical  radial  velocities  [HARrb  . height  intervals  of  sev- 

These  waves  do  rmt  show  any  yetoa ‘ P **■  nUjl  and  me  generated  in  situ 

mechanism  is  ]yER ^ RUSTER,  1984;  YAMAMOTO  et  al., 

tial  or  tidal  waves  {KLOSTERMEY  bn  ana  re  ■ lQO  ,^.ik  tor  Kelvin- 

riors“s 
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Figure  5.  Vertical  velocity  component  vs.  time  at  four 

hefghts  measured  by  the  mobile  SOUSY  VHF  Radar 
at  Andenes  (Norway)  on  21  January  1984.  c°Ilt,I'ous 
curves:  time  series  after  noise  removal;  dashed  curves, 
time  series  after  high-frequency  wave  removal.  (The 
original  time  series  without  noise  removal  were  pub- 
lished by  RUSTER  (1984).) 

j lb  iv.  Pirn  ire  5 in  terms  of  parametric  instability,  we 
To  explain  the  measured  results  m Figure  5 i V 2 At  M > 0.4, 

consider  again  the  maximum  growth  rate  Jong  branch  A m F.gure  2-  A _ 
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the  curves  show  one  or  two  local  maxima  near  q = 1 and  a — 9 W u » 
corresponding  instabilities  isolated  because  their  Floo.w  2'  Y W °a  the 
separated  from  the  continuous  a ranee  of  the  f t ^ Wavenumber  a « clearly 
bilities.  The  exact  nature  of  th  • “ge  of  th®fast  growmg  high-wavenumber  insta- 
b.  due  but  the,  „,6ht 

the  larger  M values.  Fieure  fi  .lg^er  order  because  they  occur  only  at 

represent  the  vertical  velocity  comV^^Tofa  Slmulatl°n  where  the  dashed  curves 
iu_n  t , ,,  y component  or  a primary  wave  with  9 — 

interaction  with  other  waves  includine  th  a " y 18  ProbabIy  limited  by  nonlinear 
parameterized  in  the  ~--T  ■ ■ 8 ■ P"m“y  W*TC  Th«“  have  been 

coefficients.  Not,  that  the  heigh, 

wavelength  whereas  H Fio-nr^  * • * • n , ° 1S  °*  basic  vertical 

short-period  osciS^Z^  ^ ^ “«  — — 

considerable  tempora  amplitude  Tl  aSreement.  Both  reveal  in  particular 
integer  multip^i  Sc^od' It  ' ““  P»°d  “ “*  «■ 

ation.  But  the  eompu  ed  short  1 i , " ge,,eral  ako  “ ™*«1  fb.se  vari- 
AT,  = 20  and  t i “ 8 The  T ? “ bW  reversals,  e g 

Whereas  there  is  no  clear  evidence  f"  PW  feVerSals  lie  on  basic  wave  fronts, 

small  height  interval)  they  become  v^blHfwT^f ' F‘gUrC  5 (pCrhaps  due  to  the 
over  larger  heigh,  i„,U  (^^^^7™!“"  "*  ^ 


o ™ ~ 

bility. 


-lumdUQn  oi  parametric  insta- 
The  dashed  and  continuous  curves  represent 
the  primary  wave  and  the  sum  of  primary  wave  and 
fastest  growing  isolated  parametric  instability  respec- 
tive y.  Time,  height  and  vertical  velocity  component 
are  normalized  according  to  (6). 
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SEASONAL  VARIATION  OF  TURBULENCE  INTENSITIES  IN  THE  UPPER 

MESOSPHERE  AND  LOWER  THERMOSPHERE  MEASURED  BY  TECHNIC* 

miDTMn  thv  l-YF.AR  PERIOD  1985  - 1987 . 


W.K.  Hocking, 

University  of  Adelaide,  Australia. 


to 


Februarv  1985  the  2-MHz  narrow  beam  radar  operated  by  the  University 

recorded  by  the  radar  are  ucii  . , f th  received  signal  are  due 

Briefly  the  measured  spectral  widths  or  tne  rec  6 

spectral  widths  almost  always  excee  /HorKTNG  1988)  and  so  it  is  possible 

effects  by  a small  but  significant  amount  (HOCKING  1988),  and  so  v 

to  measure  these  fluctuating  velocities. 

The  measured  fluctuations  are  caused  by  a mixture  of  turbulence  and  gravity 
wa"s.  and  under  certain  made 

during6 19 85^ and^l? S^hav^been6  dis cussed  in  detail  by  HOCKING  (1988)  , and  this 
short  article  extends  the  data  set  to  include  1987. 

li“i9»rjh.s ...  =°~  hi“e°r‘n‘  0f 

"‘i.'lSS.SS.’S ULt  on  th.  reasons  for  this  .IsnlfU.n.  Int.r-.nnn.l 
variability  which  clearly  exists. 

Of  the  three  years  during  which  measurements  have  taken  place  the  year  1985 
stands  out  as  being  distinctly  different  to  1986  and  ”"■£££  in  addition 
large  values  of  energy  dissipation  rate  be  rented  « ^he  diurnal 

to  very  small  values.  The®®Y®  laree^n  1985  It  appears  that  the  semiannual 
tide,  which  was  extraordinarily  large  in  * activity,  and  that 

oscillation  reflects  a similar  oscillation  in  g Y source  of  turbulence 

it  is  energy  deposition  by  such  ^ can  alter  the  normal 

in  the  middle  atmosphere.  However,  other  sources  e tides 

srr 

£35‘=.-Si£  ZZZ5&ZXZ  “g-i^LTSSr  “ 

continuing  in  order  to  examine  the  interannual  variabil  y 
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OBSERVATIONS  OF  QUASI  ! NERTIAL  PERIOD  WAVES 
IN  THE  LOWER  STRATOSPHERE  OVER  ARECIBO 
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INTRODUCTION 

A common  feature  of  the  wind  profile  observations  carried  out  with  the  Arecibo  Observatory 
radar  has  been  the  presence  of  a wavelike  structure  near  the  tropopause  and  in  the  lower  stratosphere. 
Typical  characteristics  include  a vertical  wavelength  of  1.5-3.0  km  and  a horizontal  wind  perturbation 
amplitude  of  3-5  ms'1.  Obtaining  observations  over  extended  periods  has  been  difficult  at  Arecibo  ue 
to  the  competition  for  time  between  astronomers,  ionospheric  physicists,  and,  to  a lesser  extent, 
meteorologists.  However,  the  persistence  of  the  structure,  as  well  as  the  experiments  carried  out  over 
periods  of  a day  or  two,  indicate  that  the  wave  periods  are  of  the  order  of  a day  or  more. 

The  common  interpretation  of  the  observed  wave  structure  has  been  that  they  are  due  to  low-frequency 
quasi-inertial  period  waves,  although  the  source  of  such  waves  has  not  been  clear.  Interpretations  a ong 
these  lines  have  been  given  by  SATO  AND  WOODMAN  (1982a),  who  first  discovered  the  waves  at 
Arecibo  by  MAEKAWA  et  al.  (1984),  who  reanalyzed  the  twcday  data  set  first  presented  by  SATO 
AND  WOODMAN  (1982a),  and  by  CORNISH  AND  LARSEN  (1984)  and  CORNISH  (1987)  based  on 
a preliminary  analysis  of  the  more  extended  data  set  that  we  present  in  this  article. 

The  presence  of  the  wave  structure  at  Arecibo  and  the  associated  dynamics  are  of  interest  in  and  of 
themselves,  but  there  may  be  more  universal  interest  in  the  phenomenon  since  observations  of  similar 
structure  have  been  made  at  a variety  of  locations  by  a number  of  investigators  over  the  past  three 
decades.  Common  features  of  the  observations  have  been  the  presence  of  low-frequency,  large- 
amplitude  oscillations  in  the  lower  stratosphere  with  periods  in  the  earth-fixed  reference  frame  of  t e 
same  order  as  the  inertial  period,  given  by  12  hr/sin  9 where  * is  the  latitude.  The  structures  are 
characterized  by  horizontal  perturbation  velocity  amplitudes  of  a few  ms'1  up  to  10  ms  and  small 
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vertical  wavelengths  of  1-5  km.  The  waves  may  be  present  in  the  troposphere  but  are  primarily 
observed  near  the  tropopause  and  in  the  lower  stratosphere.  Some  of  the  relevant  studies  that  have 
presence  of  t le  tropopausal  and  lower  stratospheric  waves  include  those  by  WEINSTEIN  et 
al.  (1966),  MADDEN  AND  ZIPSER  (1970),  THOMPSON  (1978),  CADET  AND  TEITELBAUM 
(1979),  BARAT  (1983),  PFISTER  (1985),  and  SIDI  AND  BARAT  (1986).  as  well  as  the  radar  studies 
mentioned  above.  The  cited  references  have  focused  primarily  on  the  wave  structures. 

Recently,  HINES  (1988)  has  proposed  an  alternative  explanation  for  the  wave  structure  observed  at 
Arecibo,  namely  that  the  oscillations  are  essentially  orographic  waves  produced  by  the  flow  over  the 
Puerto  Rican  terrain.  The  fundamental  difference  between  his  interpretation  and  the  previous  ones  is 
that  the  intrinsic  period,  i.  «.,  the  period  in  the  frame  moving  with  the  mean  wind,  can  be  quite  short, 
whereas  the  low-frequency  gravity  wave  interpretation  requires  periods  comparable  to  the  inertial 
period.  HINES’  (1988)  proposal  is  appealing  in  that  it  would  explain  the  consistent  presence  of  the 
waves  ,n  spite  of  changing  meteorological  conditions  associated  with  changes  in  season  and  the  passage 
of  local  disturbances.  Also,  the  strong  coherence  of  the  vertical  wavelength  structure  would  be 
explained  by  the  fact  that  the  vertical  wavelength  for  all  orographic  waves  is  the  same,  regardless  of 
the  intrinsic  frequency,  s>  that  even  a spectrum  of  waves  will  tend  to  add  coherently  and  produce  a 
structure  similar  to  what  we  observe.  While  the  interpretation  appears  to  have  considerable  merit  the 
analysis  carried  out  by  HINES  (1988)  was  based  in  large  part  on  rough  f,t„by-eye  to  the  characteristics 
o a single  wind  profile.  Other  parameters  were  also  estimated  coarsely  from  radiosonde  profiles. 

In  this  paper,  we  will  present  a more  detailed  analysis  of  a five-day  data  set  obtained  with  the  Arecibo 
Observatory  430-MHz  radar  in  May  of  1982.  We  will  show  that,  although  HINES’  (1988)  explanation 

o an  orographic  source  for  the  waves  appears  to  have  merit,  the  waves  also  have  low-frequency 
gravity-inertia  wave  chararteristics. 

EXPERIMENTAL  SET-UP 

“■  P,P"  “ P~"‘  d“*  f™>  •”  «“  X ww  In  u»  ,rtlt„plcal 

troposphere  and  lower  stratosphere  with  the  Arecibo  430-MHz  radar  wind  profiler. 

The  Arecibo  Observatory  is  located  at  18.3'N  latitude,  66.7'W  longitude,  and  the  corresponding  local 
inertial  period  is  38.1  hours.  The  observatory  is  situated  in  the  subtropical  zone  characterized  in  the 
lower  troposphere  by  the  easterly  flow  of  the  trade  winds,  while  the  flow  in  the  upper  troposphere  and 
the  lower  troposphere  is  westerly.  The  tropopause  height  is  typically  in  the  range  from  14-16  km. 
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During  April  and  May,  the  months  when  both  data  sets  were  taken  one  year  apart,  the  prominent 
feature  of  the  mean  flow  is  a westerly  subtropical  jet  maximizing  near  the  tropopause.  The  general 
meterological  conditions  were  mostly  fair  weather  skies  with  some  convective  activity  just  before  the 
onset  of  the  summer  rainy  season.  Intense  convective  activity  typically  begins  late  in  May. 

In  the  May  1982  experiment,  the  radar  was  operated  in  a variable  azimuth  display  (VAD)  mode  by 
pointing  the  radar  beam  at  a fixed  zenith  angle  of  15’  and  rotating  it  sequentially  to  16  different 
azimuths.  The  VAD  technique  can  provide  much  information  about  the  total  wind  field  (WILSON 
AND  MILLER,  1972),  but  our  presentation  here  is  limited  to  measurements  of  the  vertical  profiles  of 
the  horizontal  winds  derived  from  the  line-of-sight  velocities  taken  from  the  principal  directions  (north, 
east,  south,  west).  Each  VAD  scan  took  35  minutes  to  complete.  At  each  compass  point,  the  antenna- 
pointing system  fixed  the  radar  beam,  and  a profile  of  radial  Doppler  spectra  was  taken  during  an 
integration  period  of  about  1 min.  The  transmitted  signal  was  coded  with  a 32-baud  quasi- 
complementary (QC)  code  with  a baud  length  of  1 ms,  which  yielded  a height  resolution  of  150  m,  and 
was  repeated  at  an  interpule  period  (IPP)  of  730  ms.  Quasi-complementary  codes  have  the  advantage 
over  complementary  codes  in  that  they  reduce  interference  from  fading  clutter  and  transmitter  ringing 
(SULZER  AND  WOODMAN,  1984).  The  number  of  coherent  integrations  was  48,  which  is  equal  to 
the  length  of  the  quasi-complementary  code  sequence.  Subsequently,  32-point  power  spectra  were 
computed  on-line  from  a set  of  samples,  and  fifty  spectra  were  averaged  incoherently.  The  combined 
sampling  and  integration  period  was  56  s for  each  radial  Doppler  spectrum.  The  velocity,  signal  power, 
and  spectral  width  were  derived  from  the  spectra  off  line  with  the  nonlinear  least-squares  fitting 
procedure  developed  by  SATO  AND  WOODMAN  (1982b). 

For  the  April  1983  experiment,  the  data-taking  programs  and  experiment  parameters  were  identical  to 
the  previous  experiment.  The  primary  difference  was  that  the  beam  was  pointed  only  in  the  vertical 
direction  and  toward  north  and  east  in  the  off-vertical  direction.  The  zenith  angle  for  the  off-vertical 
positions  was  either  10’  or  15*.  The  dwell  time  in  each  off-vertical  position  was  20  min  and  the  time 
spent  looking  vertically  was  90  min  for  each  sequence.  The  analysis  procedure  used  to  derive  the 
velocity  and  signal  power  parameters  for  the  April  1983  data  has  been  described  in  detail  by  CORNISH 

(1988). 

For  both  data  sets,  horizontal  wind  velocities  were  calculated  assuming  that  the  contribution  of  the 
vertical  velocity  along  the  line-of-sight  was  negligible.  The  assumption  will  no  doubt  lead  to  errors, 
but  LARSEN  et  al.  (1986)  have  shown  that  the  largest  contribution  of  the  vertical  velocity  component 
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at  zenith  angles  of  15'  is  for  periods  less  than  30  min  to  1 hr.  Therefore  the  errors  will  tend  to  average 
out  when  periods  much  longer  than  1 hr  are  being  considered. 

WIND  PROFILE  MEASUREMENTS 
May  1982  data 

In  May  1982,  wind  profile  measurements  were  made  on  a nearly  continuous  basis  over  a seven-day 
period.  Measurements  commenced  at  1449  AST  (Atlantic  Standard  Time)  on  May  5 and  the  last 
profile  was  taken  at  0715  AST  on  May  12.  Due  to  intense  competition  for  telescope  time  at  Arecibo, 
continuous  sampling  over  many  days  was  not  feasible.  Our  goal  of  sampling  with  gaps  of  4 hr 
maximum  duration  was  met  80%  of  the  time;  longer  gape  occurred  due  to  hardware  breakdown  and 
scheduling  conflicts.  In  all,  2153  profiles  were  measured,  though  only  380  and  249  profiles  from  the 
meridional  and  zonal  directions,  respectively,  are  presented  and  analyzed  here. 

Profiles  of  the  observed  horizontal  wind  in  the  6-24  km  altitude  range  during  the  seven-day  observation 
period  in  May  1982  are  shown  in  Figures  la  and  lb  for  the  meridional  and  zonal  components, 
respectively.  The  profile  of  the  mean  wind  during  the  entire  observation  period  is  plotted  to  the  left  of 
each  figure.  On  the  right,  side-by-side  profiles  of  the  fluctuating  wind  component,  i.e.,  the  residuals 
after  subtraction  of  the  mean  wind,  are  plotted  sequentially  with  the  same  velocity  scale  as  the  mean 
profile.  Linear  interpolation  was  applied  to  the  original  time  series  of  velocity  profiles  to  produce 
hourly  profiles  for  the  entire  period  so  that  standard  spectral  analysis  techniques  could  be  applied  to 
the  data.  Gaps  of  less  than  10  hours  duration  have  been  interpolated;  longer  gaps  remain  blank.  Since 
the  periods  of  interest  (20-54  hours)  are  much  longer  than  the  gaps  ranging  from  4 to  12  hours  and  the 
original  sampling  period  of  35  minutes  to  1 hour,  the  effects  of  smoothing  and  errors  introduced  by  the 
resampling  procedure  should  be  minimal. 

The  profile  of  the  mean  wind  is  characterized  by  the  strong  westerly  flow  of  the  subtropical  jet  in  the 
upper  troposphere  and  lower  stratosphere.  The  zonal  component  peaks  at  ~20  m/s  near  15  km  and 

then  reverses  to  easterly  flow  above  20  km  altitude.  The  mean  meridional  component  is  relatively 
weak  at  all  heights. 


The  most  noticeable  feature  of  the  profiles  is  a wavelike  structure  between  14  km  and  20  km.  The 
structure  oscillates  in  the  vertical  with  a scale  of  1-2  km  and  persists  over  most  of  the  observation 
period.  Below  14  km  the  fluctuating  wind  is  more  random  and  does  not  display  coherent  wavelike 
structure.  Above  18-20  km  the  wave  structure  is  not  discernable.  The  wavelike  structure  generally 
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Figure  la.  Time  versus  height  profile  of  the  mean  (left)  fluctuating  (right)  components  of  meridional 
wind  for  a seven-day  period  May  1982.  The  velocity  scale  is  shown  on  the  horizontal  axis  o t e mean 

wavelength  of  1-2  km. 
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Figure  lb.  Time  versus  height  profile  of  the  mean  (left)  and  fluctuating  (right)  components  of  zonal 
wind  for  a seven-day  period  in  May  1982.  Like  the  meridional  component,  a wavelike  structure  ,s 
observed  in  the  lower  stratosphere  at  and  above  the  tropopause. 
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mti  mated  v.elkal  pha*  „|op,l,„  „f  , 

TKe  tropopause  hei.K,  ..  „,mr,d  ,»i„.d.ll,  „„„  „„ 

( ».  a.d  1M0  AST)  from  „„„di„g.  Uk,„  ,5.  Sa.  Jmm  mrp<,„,  loaUd  km  „,.n„lh,M,  „ ^ 

rvator,.  F»  the  15  .ouoding,  ketwam  5 May  1S82  and  13  May  198!  the 

T"”  b,„b,  ,5.8  km  and  tan  M.l  p,  ,7.,  km.  Th.  tmpopamo  5,1,5,  „„ 

'“i‘IU  Whm  ™«  K t-o-aod.  Aim  ,5,  m,„  »,„d 

prof, I,  f,om  .5,  balloon  m,„u„m,„tt  ..  .„,mt  *,5  ^ ^ ^ 

r at  m„n«„,„U.  Th,  „ M ako.p  ho„  b«.,«  cko,  « .Obo.l.ol,  India, ingnl.habl,. 

April  1983  data 

In  Apnl  1983,  horizontal  wjnd  measurements  were  made  ^ . 12_far  ^ beginning  ^ „„  AgT 

“ ;;hdmg  at  ;.149  ast  °" 23  aphi  i983' *■  5 - * » — * ^ ,»«.  were  taken  for 

bo  h t e meridional  and  the  ,onal  directiQns  du.ng  the  12  ^ xhe  antenna  ^ ^ 

vertically  during  the  gaps  for  observations  of  vertical  velocities.  The  data  set  is  too  short  for  adequate 

■me  senes  analys.s  of  the  wind  velocities,  but  it  does  provide  additional  information  about  the  wave 
structure  in  the  lower  stratosphere. 


Wind  profiles  for  the  meridional  and  zona.  components  are  shown  in  Figures  2a  and  2b,  respectively, 
servations  on  23  April  1983.  The  gaps  between  adjacent  sets  of  profiles  is  150  min.  The  first 
f 1 e of  each  of  the  last  t.iree  observation  sets  for  the  zonal  component  (Figure  2b)  is  of  the  wrong 
T.  ue  to  aliasing  of  the  Doppler  frequency.  A short  vertical  wavelength  (~1.5  km)  structure, 
s.mil;r  to  tbat  observed  in  the  May  ,982  data  set,  persists  during  the  entire  observation  period  of 

ours.  The  stru:ture  is  first  evident  at  16  km  altitude  and  continues  up  through  the 
maximum  plotted  height  (22  km). 


a uc  mean  wind 


. . P*"00  was  w“‘er‘y  at  10-15  ms1  and,  below  16  km 

“ * T*  *'  ~10  Tl"  '"b‘"’Pi“l  * ™ “”““*“3  -k.  I.  April  1983 

’ 1#‘2'  T1"  ““J  “»»™  >*•*""  « 20-km  altitude  a„d  did  no,  p»k 

""  ‘h'  ,roP”P““'  T*“  “ *W»h»d  by  S»  „d|«,„d, 

b.,.«„  ,6  and  ,7  km.  U,  ,h,  le.e,  rfU. 


A 

a 


comparison  between  the  first  and  last  set  of  profiles  for  each 
Slow  variation  in  time  and  gradual  downward  phase 


component  in  Figures  2a  and  2b  reveals 
progression  of  the  wind  structure. 
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April  ,«  Each  interna,  eon.i...  f 20  ooominr,..  profile,  and  ti»  •,<*«"•“«  <»- 

CP.  o,  ,PP— f >./*  hour  deration  «.«■  bet-eon  ^ *0  ■ < — 

b,.m  »„  „.„g  a.  other  atimutb  sod  — » P-»h-  b'"'”  “ 

:;„ioo„  a,  the  time  period,  of  gap,  The  veloe.t,  - U td»d  - the  ....  - - — - 
profile  of  the  first  observation  period. 


fluctuating 
23APW  1963  OO-H02 


AST  23APW  1983  13  39H3  »AST  23  APH  1983  *H-*X*S1 


OH*  1963  I900-WJ0AST  23APW  I9«3  2I30-ZM9AST 


F|g„„  2b.  Profile,  of  rou.l  -ind  to,  live  oh«,...i.o  i.t.r.aU  dor,.,  a K-hoor  Period I » 2 Apr, 

l983  The  plot  I.  » • ta—  — ■»  *■>  «'  “ T>"  ^ 

observation  ....  » of  the  wrong  »!"  due  to  aiding  and  -rapping  of  the  Doppler  'l~'» 
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onto™*,  th.  rf-maita,  roM  or  ,2  h„o„  r,  u»  .ho,t  to,  m.,„i„,,ui 
the  period  is  clearly  longer  than  the  observation  interval. 

ROTATION  OF  THE  WIND  FIELD 

A common  characteristic  rwcillation,  ,„r  ^ ^ ^ 

rotation  of  the  P^urbatinn  -orison,.,  wind  VKl„  wilfc  ^ ^ ^ ^ 

°“  “ Tim'  ho.logr.ph.  fo,  th,  Me,  1382  data  shown  in  Figaro  3 fo, 

11.78  and  19.13  km.  The  resamplod  timo  sorios  haa  boon  uaod,  which  results  in  a 
spacing  , hoar  between  point.,  Th,  first  two  height.  a.  „d  ,M5  lm  do  no,  disp,.,  .„y 

par  pattern.  Th,  hod.graph,  fo,  height,  between  ,6.52  and  ,8.2, 

circa  ar  arc  with  the  sense  of  rotation  in  the  clockwise  direction  marked  by  the  arrow.  At  19  13  km 
■ho  polarisation  Mm~r.  he  near,,  ,i„.„  hodographs  . ,im„„  ,J 

igare  „t  two  „f  the  hen,,,  prof,,,,  obtain.,  |„  ,982.  Th,  ^t, 

..  m.  Both  hodographs  trace  oat  ,n  „|,p,i,„  p„,,m  , ,Wwi«  t0,a,i0„  wi,h 

increasing  height,  a.  indie..*,  h,  ,h,  arrows.  Height  hodographs  fo,  ,b,  Apri,  „„  data  „ 

7"  “ ,lro'  ■ Th'  “■“»  f with  height  and  time  evident 

« e Areetbo  data  shown  her,  .„d  in  ,h,  earlier  study  by  MAEKAWA  „ el.  ,19,1,  .«  . ,o„mo, 

mZ'Zn, ‘L™0  b'  TH0MPS0''  |ls78>’  CADET  A»D  ’■fitblbaum 

lb  \r  c B“RAT  <1986)'  *Kh“gh  IH0MPS0N'>  ('878)  data  which  was  obtained  in 

. southern  hemisphere  slowed  . predominant,,  counterclocfc.im  ,„„,i„rl  .hi,,  ,h,  „„ 

was  reversed  in  the  norther, i hemisphere  observations. 

The  dispersion  and  polar!.., i.„  rel.tnm.  deiced  ,h,  describing  low-, 

inertio-gravity  („,  ..g„  THOMPSON.  ,978)  show  the,  the  perturbs  wind  field  become,  mo,, 

omonta,  a.  th,  tim,  of  th.  perturbation  approve,  the  inertia,  period.  Furthermore,  the 

Z r'°m  P0'"i"“°"  ‘h*  ““  - "«*  » ‘It.  Brunt-Vaisala 

perim,  to  c,,,„.,  pol.,i..,i,„  .h,„  ,h,  approaches  i„,„i,| 

onnmtM  wind  vector  i,  elliptic.,-,  pnhwUw,  fo,  intermediate  intrinsic  peri*  A of 

“ ‘h“  ,K'  »i"d  .«»■.  -ill  „ anticy clonic  when  the 

are  upward  propagating,  ,h,  northern  bemisphem  and  Cock.,..  i„  the 

■oath,,,  hemisphere.  The  opposite  sens.  ,„t„i„,  i,  ,<p«w  „ 

t'eITEl'baum  ^1070|ll,d  "'U  " “*  “Ud”  b'  TU0MPS0N  (1878),  CADET  AND 

ZZ  d 0 AND  W00D“N  “™A  - -•  (1881),  COT  AND 

RAT  (1986),  and  our,  have  revealed  ,„,ic,do,i,  ^ ^ 
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TIME  HODOGRAPH 

6 MAY  1982  12  00  - 8 MAY  1982  03  00  AST 


Figure  3.  Time  hodographs  of  horizontal  wind  vector  at  selected  heights  between  15  and  19  km  for  38 
consecutive  hourly  samples  between  1200  on  6 May  1982  and  0300  on  8 May  1982.  A clockw.se 
rotation  pattern  of  the  horizontal  wind  vector  is  observed  at  16.52,  17.39,  and  18.26  km. 


HEIGHT  HODOGRAPH 
15,938  - 18.980  km 


F,n„  4.  Height  hodegt.pl..  of  ho,i„.»!  -i»d  be,....  15.9  ..d  18.9  eod  18.9  h™  « >«•«  * «« 

,982  (left)  .ttd  0800  on  7 M.,  198!  (tight).  The  heigh.  te~h..ion  150  The  hontoet.l 

wind  vector  shows  clockwise  rotation  with  increasing  height. 
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has  been  interpreted  to  I*  consistent  with  the  expectations  for  low-frequency,  upward-propagating 
inertiogravity  waves. 


Although  the  rotation  of  tire  wind  vector  is  a characteristic  generally  attributed  only  to  waves  with  low 
intrinsic  frequencies,  HINES  (1988)  has  suggested  that  waves  with  high  intrinsic  frequencies  can 
produce  a rotation  of  the  horizontal  perturbation  winds  if  there  is  a vertical  shear  in  the  mean  wind 
component  perpendicular  to  the  direction  of  propagation  of  the  wave.  For  higher  frequencies,  the 
velocity  components  parallel  to  the  propagation  direction  and  in  the  vertical  are  essentially  in  phase, 
but  the  vertical  displacement  is  90'  out  of  phase  with  the  horizontal  winds.  Therefore,  the  maximum 
pertubation  in  the  wind  component  perpendicular  to  the  propagation  direction  will  be  90*  out  of  phase 
with  the  perturbation  wind  component  parallel  to  the  propagation  direction,  giving  an  effect  that  is 
similar  to  the  rotation  in  the  wind  component  produced  by  the  Coriolis  force  for  waves  with  low 

intrinsic  periods.  We  will  analyze  the  relevance  of  such  an  effect  to  the  May  1982  data  set  in  more 
detail  in  a later  section. 


WAVE  CHARACTERISTICS 
Observed  Wave  Period 

One  advantage  of  the  May  .982  data  set  is  that  the  time  series  of  velocities  is  long  enough  so  that  time 
senes  analysis  can  reasonably  be  applied  to  determine  the  period  in  the  earth-fixed  reference  frame. 
The  data  set  analyzed  by  MAEKAWA  et  al.  (1984)  only  covered  a twcday  period  and  was  marginally 
short  for  a study  of  waves  with  periods  close  to  the  inertial  period.  The  May  1982  data  set  was  used  as 
input  for  a power  spectrum  calculation  using  standard  FFT  routines.  An  example  of  the  results  is 
shown  in  Figure  5 for  the  zonal  wind  component  at  16.95  km. 


We  can  estimate  the  errors  in  the  amplitude  determination  for  the  frequency  spectrum  by  the  following 

arguments.  The  variance  C 2 of  a real  time  series  v(t)  with  mean  subtracted  is  related  to  its  power 
spectral  density,  P(f),  by 


00 

= /p(l) 


df 


(1) 


(BLACKMAN  AND  TUKLY,  1958,  p.  9).  For  the  velocity  time  series  under  consideration, 
contributions  to  the  variance  include:  (1)  instrumental  noise  due  to  measurement  and  processing 

errors;  and  (2)  meteorological  noise.  If  we  assume  a white  noise  spectrum  for  both,  the  power  spectral 
density  P(f)  has  a constant  ralue  P,  at  all  frequencies  across  the  width  of  the  spectrum.  A real  time 
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series  of  N points  has  a power  spectral  density  of  N/2  positive  frequencies.  For  a discrete  Fourier 
transform,  i.e.,  FFT,  with  equally  spaced  frequency  bins  each  of  width  Af,  Equation  1 becomes 

<tj  = 2 ^ P!  Af  (2) 


The  product  PrAf  = S0  is  the  spectral  power  at  each  frequency  and  is  constant  for  a white  noise 
spectrum.  Since  a2  = <vs>-<v>3  which  can  be  computed  directly  from  the  velocity  time  senes, 
we  can  estimate  S0  = <rJ/N,  and  the  spectral  variance  at  each  frequency  bin  can  be  estimated.  ^S„  is 
an  upper  bound  estimate  of  the  error  in  the  Fourier  amplitudes  due  to  noise  from  meteorolog.cal  and 
instrumental  sources;  spectral  amplitudes  above  the  threshold  are  significant.  The  average  values  of 
K.  calculated  from  the  velocity  time  series  for  heights  between  15.0  and  17.0  km  are  0.4  and  0.7  m/s 
for  the  zonal  and  meridional  components,  respectively.  The  noise  level  is  indicated  by  the  horizontal 
dashed  line  in  the  plot  of  spectral  amplitudes  in  Figure  5.  The  spectrum  displays  two  prominent  pea  s 
at  26  hr  and  53  hr  with  amplitudes  of  3.75  m/s  and  6.0  m/s,  respectively,  which  are  both  several 
standard  deviations  above  the  noise  level.  Another  factor  that  has  to  be  considered  in  evaluating  the 
significance  of  the  peaks  is  the  background  spectrum  of  the  velocity  fluctuations.  LARSEN  et  al. 
(1986)  have  analyzed  the  frequency  spectrum  of  horizontal  velocities  at  Arecibo  for  an  extensive  data 
set  and  have  shown  that  the  spectra  follow  power  laws  with  exponents  between  -5/3  and  2.  The 
amplitudes  corresponding  to  the  two  power  laws  are  shown  by  the  thin  solid  and  dashed  curves 
superimposed  on  the  spectral  amplitudes.  While  the  peak  near  the  26-hr  period  appears  to  be 
significant,  even  in  comparison  to  the  background  spectrum,  the  significance  of  the  the  53-hr  wave  is 
less  clear.  Therefore  we  will  focus  our  attention  on  the  shorter  period  wave  in  the  remainder  of  the 

article. 


Spectral  amplitudes  of  velocities  for  periods  between  14  and  53  hours  are  plotted  versus  height  in  a 
three-dimensional  format  in  Figures  6a  and  6b  for  the  zonal  and  meridional  winds,  respectively.  The 
zonal  component  shows  a prominent  ridge  centered  at  the  26-hr  frequency  bin  that  rises  out  of 
background  levels  at  about  14  km,  peaks  at  17  km  with  an  amplitude  of  4-5  m/s,  and  disappears  above 
18  or  19  km.  The  fact  that  the  spectral  peak  occurs  at  approximately  the  same  period  over  a range  of 
heights  lends  credence  to  the  idea  that  the  observed  wave  structures  are  part  of  a coherent  oscillation 
since  theory  dictates  that  the  frequency  in  the  earth-fixed  reference  frame  should  be  constant  with 
height  despite  shears  in  the  background  winds  or  variations  in  the  background  mean  temperatures. 
There  is  only  a hint  of  a similar  ridge  in  the  spectra  for  the  meridional  winds. 


b 
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Period  (hr) 


Figure  5.  Computed  spectral  amplitude*  for  the  zonal  wind  component  at  16.95  km  for  the  May  1982 
data.  Spectral  peak*  are  prominent  at  26  and  53  hour*.  The  horizontal  da*hed  line  on  the  *pectral 
Plot  indicates  the  estimated  noise  level.  The  thin  solid  line  and  dashed  line  superimposed  on  the 
spectral  curve  show  the  background  values  expected  for  spectral  power  laws  with  exponents  of  -5/3 
and  -2,  respectively.  The  mean  zonal  wind  during  the  observation  period  was  17.4  m/s. 
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ZONAL 


Period  (hr) 

6a  Pseudo-3D  plot  of  spectral  amplitudes  of  the  zonal  wind  component  for  May  1982  data. 
^ dilplayed  on  ,aXis,  and  the  velocity  amp.itude  is  displayed  on  the  y-a„, 
Wcessive  spectra  are  plotted  for  heights  between  8 and  24  km  along  the  z ax.s. 


meridional 


Period  (hr) 


F,g„  6b.  ot  » th*  """  l9K 

data  in  a format  similar  to  Figure  7a. 


324 


zrrr*-  °r““  ■p““  b' ,h'  - •-  •»*.  ^ 

777  ; “ *Mm  "•  - ,h'  <*  nm!m, 

26-hr  bin  includes  contributions  from  oscillations  between  -24  and  29  hr. 

Velocity  Amplitudes  and  Phases 

We  have  isolated  the  and  amplitude  information  for  the  26-hr  components  in  the  sona,  and 

^ 8PeCtra'  ^ amP,itUdeS  * ^ - meridional  (solid  line)  perturbation 

r~  °tf  " Thl  ""  ^ Sh°W  " ^ ^ ~ M*  of 

m/s  for  the  m 7 " T?  ^ ^ COmP°"ent  “ ^ ^ ^ ^ 2°"al  and  2-3 

ab^ve  ^TTTr^  ^ b0tH  COmPOnenU’  thC  amP,itUde8  drOP  ^ -1  «-* 

, Close  to  the  estimated  uncertainty  level  of  0.4-0.7  ms  * for  the  spectral  analysis. 

Tpl^r  T,  : ”T  8 8h°W  ^ Fati0  °f  the  ^ ^ meridi°nal  -«<>n  w-d 

Pi  tudes  on  the  left  and  the  phase  difference  between  the  two  velocity  components  on  the  right 

of  o T7rtion’ 88  an  ermp,e’ wouid  require  8 u/v  ampiitude  rati°  °r  °ne  and  a ph- d!ff— 

• The  criteria  are  satisfied  approximately  just  below  19  km,  but  the  polarisation  will  generally  be 
e P ,a.  at  other  heights.  A*  the  combination  of  amplitude  ratio  and  phase  difference  parame^ 
determine  the  orientation  of  the  ellipse  which  are  not  necessarily  aligned  in  the  sona,  direction. 

Intrinsic  Wave  Periods 

-tzirv ,h'  °r  ik'  "n‘i  '■  •* i|"  n** 

, “ ■“*  '•w***  *“““  * “» «—  I-  u.  M „ » 

J7  Tl”  l'”W  “ po,"“'d  r”  -«•  a~  i.  a,  p,riod 

***  "d  “ ,h'  — — d—  *-  a.  Zm 

™ d "“7  ■b"‘"  Tl”  s™  a,  ,.w,k,  „ 

Z r*  “ °f  ? ^ „ *.  : t“ 

IS  parameter  f.  The  orientation  of  the  major  axis  of  the  elliptical  hodograph  is  aligned  with  the 
wave  propagation  direction  (KUNDU,  1976).  8 

Th,  db.mta  r,om  .h,  „„„i.  mi  ,ho„  „ , wm  njtd 

7 '"IP“  " * *"  ■h“"  »•  Th.  middle  ,„d 

* -tad  pm*  «„  dmimd  «*.  The  cm,,  „ lk,  ri,M  ^ 

[JT”  77  ”°'lh  Tb'  V*'“  ~'5'  — » >.  » ~W  m „ 

shows  the  ratio  of  the  major  to  minor  axe  of  the  ellipse  as  a function  of  height 
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Figure  7.  Height  profile  of  velocity  amplitudes  for  the  26-hour  period  determined  from  Fourier 
analysis.  Zonal  and  meridional  components  are  indicated  by  dashed  and  solid  lines,  respect.vely. 


Figure  8.  Ratio  of  ronal  (u)  to  meridional  (v)  perturbation  velocity  amplitude  for  the  26-hr  component 
component  on  the  right. 
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Sh0Uld  * the  Same  88  the  rati0  of  the  *****  frequency  to  the  Coriolis  parameter,  if  the 
intrinsic  frequencies  are  low.  The  range  of  frequencies  in  the  fra^e  of  the  mean  wind  varies  from 

approximately  one  to  six  times  the  Coriolis  parameter.  The  curves  on  the  left  represent  the  mean  wind 
components  ,n  a coordinate  system  shifted  30*  north  of  east.  The  rotation  ang.e  was  chosen  somewhat 
arbitrarily  based  on  the  propagation  direction  shown  in  the  lower  part  of  the  right-hand  panel.  More 
justification  for  the  choic:  will  be  given  in  the  next  section. 

HINES  (1988),  . fit-by-eye  of  „ ,llip«  * tfi,  SATO  AND  WOODMAN  (1982.)  d.„,  ,.und  . 

ptopW„„.  „..,d  noftheeat,  ,1m, W onr  find.,,,  COT  AND  BARAT  (1988)  ,l„, 

determined  p,opW,l„,  direelien,  th.,  „„  ,oM  ^ ^ ^ ^ 

consistent  .1,8  ,„e  oWete.tio.  by  PFISTER  (IMS)  th.t  lo.„  ..I.toepln,, 
a cross-wind  propagation  component. 

Horizontal  Wavelength 

The  difference  between  the  observed  periods  and  the  intrinsic  periods  deduced  in  the  last  section  is  due 

o opper  shifting  by  the  mean  wind.  For  a horizontal  mean  flow  U0,  the  earth-fixed  and  intrinsic 
frequencies  are  related  by: 

w’=ui-khU0  (3) 

where  kh  is  the  horizontal  wavenumber.  The  value  of  w is  fixed  in  this  case  to  w = 2*/26  hr  but  u,’ 
varies  considerably  with  height,  as  shown  i„  Figure  9.  We  have  chosen  the  value  of  ui>=  2 5-f  which 
corresponds  to  the  height  range  below  17  km.  In  this  range,  the  shear  in  the  meridional  wind  is 
essentially  zero  which  should  eliminate  the  effects  due  to  vertical  advection  of  the  cross-propagation 
shear  which  HINES  (1986)  has  discussed.  Also,  the  propagation  direction  is  fairly  constant  with 
eight.  The  mean  wind  component  parallel  to  the  propagation  direction  is  20  ms'1  at  16  km. 

Although  the  magnitude  of  of  is  known,  the  sign  can  still  be  either  positive  or  negative  corresponding 
O waves  propagating  faster  or  slower  than  the  mean  wind.  A choice  of  positive  leads  to  a 
horizontal  wavelength  of  3965  km.  The  wavelength  is  rather  long,  raising  questions  about  whether 
coherent  oscillations  of  the  type  that  we  observe  can  exist  over  such  extensive  region.  The  parameters 
e to  va  ues  of  w 2 f near  18  km  where  the  mean  wind  is  10  ms'1  and  «’=1.8-f  near  19  km  where 

t e mean  wind  is  5 ms  '.  The  implied  intrinsic  frequency  values  at  higher  altitudes  do  not  agree  with 
the  values  shown  in  Figure  9. 
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Figure  9.  Ratio  of  major  to  minor  axes  of  wind  hodograph  ellipses  calculated  from  parameters  in 
Figure  8 are  shown  in  the  center  panel.  The  right-hand  panel  shows  the  orientation  of  the  ellipses  m 
degrees  north  of  east.  The  left-hand  panel  shows  the  mean  winds  for  the  observation  period  in  a 
coordinate  system  rotated  30°  north  of  east.  The  eastward  component  is  indicated  by  the  dashed  line 
and  the  southward  component  by  the  solid  line. 
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The  alternative  choice  of  negative  w’  leads  to  a horizontal  wavelength  of  700  km,  and  an  implied 
critical  level  would  occur  at  a height  where  U0=7.7  ms’1.  A level  where  w*=f  would  occur  when 
U0  = 12.6  ms’1.  The  latter  condition  is  satisfied  between  16.5  and  17  km  which  corresponds  to  the 
height  where  the  rapid  change  with  height  of  the  ellipse  orientation  and  w’/f  ratio  first  occurs.  The 
former  condition,  i.  e.,  the  critical  level,  corresponds  to  the  height  around  18  km,  which  is  also  the  cut- 
off height  above  which  the  wave  amplitudes  diminish  rapidly  to  the  uncertainty  level.  The  arguments 
in  favor  of  the  choice  of  negative  w’  are  still  circumstantial  at  best,  but  the  derived  parameters  seem  to 
explain  more  features  of  the  observations  than  the  alternative  choice.  The  values  of  a/’  inferred  from 
the  calculations  between  16  and  18  km  would  lead  us  to  expect  a linear  decrease  with  height  in  the 
ratio  of  w’/f  such  that  the  value  should  be  ~1  near  17  km  and  close  to  zero  near  18  km.  The 
uncertainty  in  the  spectral  calculation  makes  it  unlikely  that  ratios  less  than  one  can  be  achieved  Bince 
both  velocity  components  will  fluctuate  around  the  uncertainty  level.  Below  18  km  where  the 
amplitudes  are  above  the  uncertainty  level,  the  amplitude  ratio  curve  still  shows  behavior  different 
from  the  expected  behavior,  but  that  is  perhaps  not  unexpected  since  the  waves  must  be  highly 
nonlinear  in  the  height  range  where  the  intrinsic  frequency  has  values  between  f and  zero. 

In  earlier  work,  CADET  AVD  TEITELBAUM  (1979),  MAEKAWA  et  al.  (1984),  and  PFISTER  (1985) 
have  also  interpreted  the  disappearance  of  subtropical  inertia-gravity  waves  near  18-20  km  as  being  due 
to  critical  level  absorption,  However,  BARAT  (1983)  and  COT  AND  BARAT  (1986)  have  observed 
inertial  wave  structure  up  to  29  km  at  mid-latitudes. 

Vertical  Wavelength 

Visual  inspection  of  the  w;nd  profiles  in  Figures  1 and  2 reveals  that  wavy  structures  for  both  May 
1982  and  April  1983  have  vertical  scales  on  the  order  of  1-3  km.  Spatial  power  spectra  of  the  radial 
wavenumber  have  been  computed  for  the  1983  data  for  the  height  ranges  7.5-15  km,  15-24  km,  and 
7.5-24  km,  and  are  plotted  in  Figure  10.  The  near- vertical  wavenumber  spectra  of  the  zonal  and 
meridional  velocity  components  are  denoted  by  solid  and  dashed  lines,  respectively.  The  most 
noticeable  feature  is  the  presence,  in  the  15.0-24.0  km  height  range,  of  a strong  peak  at  2.2  km.  The 
peak  is  absent  in  the  7.5-15.0  km  range. 

The  absence  of  the  vertical  wavelength  structure  below  15  km  may  be  an  indication  that  the 
oscillations  are  generated  near  the  tropopause,  perhaps  by  instability  or  ageostrophy  in  the  subtropical 
jet,  but  the  waves  generatec  by  such  a mechanism  would  be  expected  to  have  a broad  range  of  spectral 
components  rather  than  the  extremely  coherent  structure  seen  in  the  observations.  In  this  respect, 

1 1 
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23  APRIL  1983 


Figure  10.  Vertical  wavenumber  spectra  for  height  ranges  (left)  7.5-15.0,  (center)  15.0-24.0,  and  (right) 
7.5-24.0  km  calculated  from  the  zonal  (solid)  and  meridional  (dashed)  components  of  horizontal  wind 
profiles  of  the  April  1983  data. 
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HINES’  (1988)  suggestion  of  an  orographic  source  is  very  appealing  since  all  orographic  waves  will  have 
the  same  vertical  wave  number.  Thus,  even  a spectrum  of  mountain  waves  with  a range  of  horizontal 
wavelengths  will  show  coherence  in  the  vertical  direction.  As  HINES  (1988)  has  pointed  out,  the 
absence  of  the  waves  below  the  tropopause  can  be  explained  by  the  variation  in  the  Brunt- Vaisala 
frequency  with  height.  The  San  Juan  radiosonde  data  corresponding  to  the  observations  in  May  1982 
show  an  increase  in  the  Brunt-Vaisala  frequency  by  a factor  of  ~3  between  the  troposphere  and  lower 
stratosphere.  The  vertical  wavelength  of  waves  propagating  upward  through  the  troposphere  is 
expected  to  decrease  by  the  same  factor,  and  the  effect  would  explain  the  characteristics  of  the  vertical 
wave  number  spectrum  shewn  in  Figure  10.  Our  vertical  wavelength  estimates  are  in  good  agreement 
with  the  values  found  in  the  earlier  studies  that  we  have  already  cited  several  times. 

A vertical  wavelength  of  ~2  km  and  a wave  period  of  ~24  hr  gives  a vertical  phase  velocity  of  2.3  cm 
s , in  rough  agreement  with  the  values  estimated  by  inspection  of  Figure  1. 

DISCUSSION 

There  are  a great  many  similarities  between  the  characteristics  of  the  waves  observed  during  the  seven 
days  in  May  1982  and  the  waves  that  were  present  in  the  data  sets  analyzed  by  HINES  (1988)  and 
earlier  by  SATO  AND  WOODMAN  (1982a)  and  MAEKAWA  et  al.  (1984).  The  vertical  wavelengths 
are  comparable,  the  heigh,  range  over  which  the  waves  are  observed  is  the  same,  and  even  the 
propagation  direction  is  similar,  being  30-45'  north  of  east.  HINES’  (1988)  suggestion  that  the  source 
of  the  waves  is  orographic  is  consistent  with  the  similarity  in  the  features  observed  not  only  in  the  two 
data  sets  discussed  here  but  in  hundreds  of  hours  of  other  observations  at  Arecibo.  The  winds  above 
Puerto  Rico  change  less  than  would  be  expected  at  a midlatitude  site,  but,  nonetheless,  the  strength  of 
the  flow  and  the  direction  change  as  a function  of  season  and  as  disturbances  propagate  through  the 
area.  Waves  generated  by  instabilities  in  the  subtropical  jet  are  unlikely  to  have  characteristics  as 
consistent  as  those  that  are  observed.  Also,  the  orographic  source  explains  the  coherence  in  the  vertical 
wavelength  structure. 

Generally,  the  analysis  of  he  waves  assumes  a steady  wind  that  produces  waves  that  are  stationary 
with  respect  to  the  ground  and  have  zero  frequency  in  the  earth-fixed  reference  frame.  Our 
observations  show  that  the  earth-fixed  frequency  for  the  waves  corresponds  to  a period  around  26  hr. 
The  uncertainty  in  the  spectral  analysis  does  not  exclude  a period  of  24  hr  which  can  be  explained  by 
the  strong  diurnal  variation  in  the  surface  winds  on  the  island  of  Puerto  Rico.  We  are  not  aware  of 
any  theory  for  lee  waves  produced  by  diurnally  varying  Rows,  but  we  surmise  that  such  a flow  would 
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produce  oscillations  with  earth-fixed  frequencies  corresponding  to  the  frequency  of  the  forcing.  HINES 
(1988)  attributed  the  vertical  phase  progression  to  random  fluctuations  in  the  mean  surface  winds, 
although  he  did  not  discuss  the  possibility  of  a strong  periodicity  in  the  surface  winds.  MAEKAWA  et 
al  (1984)  also  found  evidence  of  a wave  component  with  a period  in  the  earth-fixed  reference  frame 
close  to  24  hr,  although  their  observations  only  covered  a period  of  approximately  2 days  which  is 
generally  too  short  for  a meaningful  analysis  of  24-hr  oscillations. 


One  feature  of  HINES’  (1988)  analysis  not  borne  out  by  our  data  is  his  suggestion  that  the  rotation  l 
the  wind  vector  with  height  or  time  is  due  to  the  vertical  advection  of  the  cross-propagation  shear 
component.  The  intrinsic  frequency  which  varies  between  zero  and  2.5-f  is  sufficiently  small  to  exp  am 
the  wind  vector  rotation  without  the  need  for  the  vertical  advection  effect.  Also,  we  have  found  that 
the  perturbation  winds  show  an  elliptical  pattern  even  at  heights  where  the  shear  m the  cross- 
propagation wind  component  is  essentially  zero.  The  observations  of  THOMPSON  (1978)  would  also 
argue  against  the  importance  of  the  vertical  shear  advection  effect,  to  the  extent  that  the  source  of  the 
waves  he  observed  is  the  same  as  we  are  postulating  for  the  Arecibo  data.  Since  his  observations 
southern  hemisphere  showed  a predominant  rotation  in  the  winds  that  was  in  the  opposite  sense  to  the 
northern  hemisphere  observations,  the  importance  of  the  Coriolis  force  is  implied. 


The  inferred  horizontal  wavelength  of  -700  km  is  somewhat  long  when  compared  to  the  dimensions  of 
the  island  of  Puerto  Rico,  but  a half  wavelength  is  comparable  to  its  length.  For  the  orographic 
forcing  mechanism  to  explain  the  observations,  the  entire  island  must  be  involved  in  producing  the 
oscillations  rather  than  a few  of  the  prominent  peaks  which  have  much  shorter  horizontal  scales. 


We  have  emphasized  the  similarity  in  wave  parameters  over  long  periods  and  the  coherence  of  the 
oscillations  at  Arecibo  where  the  day-to-day  changes  in  the  mean  flow  are  small.  However,  variations 
in  the  flow  are  expected  to  produce  changes  in  the  wave  characteristics  if  the  source  is  the  orography 
CADET  AND  TEITELBAUM  (1979)  found  evidence  in  their  balloon  data  of  a change  in  the  vertica 
scale  as  the  mean  wind  varied  which  is  consistent  with  the  predictions  of  leewave  theory.  PFISTER 
(1985)  and  MAEKAWA  et  al.  (1984),  albeit  with  a short  two-day  data  set,  also  found  evidence  o 

modulation  of  the  wave  amplitudes  with  time. 


CONCLUSION 

The  quasi-inertial  period  structure  in  the  lower  stratosphere  shown  in  our 
Puerto  Rico,  appear  to  be  typical  of  the  results  of  a number  of  other  studies. 


observations  at  Arecibo, 
We  have  summarized  a 
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number  of  diverse  studies  that  describe  observations  of  such  structures  with  a variety  of  high-resolution 
measurement  techniques.  The  indications  are  that  quasi-inertial  period  waves  are  a ubiquitous  feature 
m the  lower  stratosphere,  similar  to  what  is  observed  in  the  oceans.  The  waves  do  not  propagate 

rapidly,  but  the  associated  velocity  amplitudes  of  3-10  m/s  imply  that  a significant  amount  of  energy 
is  associated  with  the  low  frequency  modes. 


e indications  are  that  the  waves  are  generated  by  the  flow  over  the  island  topography,  as  suggested 
y HINES  (1988),  but  with  a strong  diurnal  periodicity  in  the  earth-fixed  reference  frame  probably 
associated  with  the  diurnal  fluctuations  in  the  surface  winds.  The  low  frequency  in  both  the  earth-fixed 

and  intrinsic  reference  frames  lead  to  waves  with  characteristics  generally  associated  with  inertia 
gravity  waves. 
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MOMENTUM  FLUXES  OBSERVED  BY  THE  MU  RADAR 
UNDER  A STRONG  VERTICAL- WIND  CONDITION 
IN  THE  TROPOSPHERE  AND  LOWER  STRATOSPHERE 

Kaoru  Sato 

Department  of  Geophysics,  Faculty  of  Science,  Kyoto  University 
Kyoto  606,  Japan 


1 Introduction 

Using  the  MST  radars,  large  variations  of  the  vertical  wind  have  been  observed  in  the  tro- 
p sp  ere  and  lower  stratosphere  at  some  locations  around  the  world.  Previous  studies  of  the 
p nomena  examined,  mainly,  the  differences  in  the  frequency  power  spectra  of  the  vertical 
wind  between  active  and  quiet  conditions,  and  the  correlation  with  the  background  wind  Ac- 

* “"■*  VCTtic*'-™d  - *»  K>  s»vi.y  — 

TheTuh‘SfillUdf  iT‘ifated  thC  VeriiCal  m°mentum  fluxes  ^ * strong  vertical  wind  condition, 
he  profiles  of  vertical  momentum  fluxes  provide  a lot  of  useful  information  for  the  examination 

2 ^ tHe  mCan  Wind  and/°r  ^ dlaraCteriSti“’  "«*  direction 


2 Calculation  method  of  momentum  fluxes 

The  momentum  fluxes  are  examined  as  a function  of  frequency.  The  method  of  calculation  is 

flLesTeTaku  aldr4  U ^ ^ and  ^ SU^ted  that  the  momentum 

two  beams  vlit  h , , d,fference  between  mean  squares  of  radial  velocities  measured  by 

two  beams  with  equal  and  opposite  angles  ±0  around  the  zenith.  The  present  method  makes 

use  of  two  frequency  power  spectra  of  radial  velocities  of  the  symmetrical  beam  pair  instead 
express  ’ ^ ^ Sp6Ctra  °f  the  radiaI  veIocities-  ^±»,  are 


u(u>)uj(u>)  = 


- Pti(w)  • sin2  6 -f-  Pw(w)  ■ cos2  6 i u(o;)ui(u>)  • sin  20,  (1) 

vehT^  18  freqUC"Cy’  and  Pw^  are  frequency  power  spectra  of  zonal  and  vertical 

the  verti^mom  t’  ^ “ (1)  Sh°WS  the  ZOnal  “mponent  of 

immediately  “ "*  *°  °SC,llatl°nS  haVln«  each  ^quency,  which  is  calculated 

Py+>(.u)  ~ 

T,  2 sin  20  (2) 

1 hus  the  total  vertical  momentum  flux  is  obtained  in  such  a way  as, 

Y,u(uj)w(u).  (3) 

Similarly,  we  can  obtain  not  only  the  spectra  of  zonal  and  meridional  components  of  the 

r«.r,r5  zz  1 t* ^ sp“ir*  °r  «■“  --<■  —p—...  t £.1 

.erticd  “Si"6  5 be““  Ulted  lo  “■*.  <w».  north,  south,  and 
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3 Data  description 

The  „i„d  data  measured  hy  the  MU  radar  * 

^-component  profile  at  each  heig  t uring  - which  are  referred  to  as  quiet  and  active 

(eaturi  f,  divided  into  the  first  and  second  h.l.=, ' oI  J than  3 ms-, 

period,,  respectively.  In  the  active  period  «e  observe  1 g sUti,tic.lly 

Since  the  observation  period  is  *ho«t ; * houm  for  «di  £*  ^ ^ ^ ^ lhe 
the  components  with  periods  of  less  of  j er  than  1.5  km  were  analyzed, 

disturbance,  the  wind  components  wi  ver  \ file  iarge  differences  between  in  the 

On  the  other  hand  in  the  mean  i«t  having  a maximum 

active  and  quiet  periods  were  not  seen.  . Decreasing  in  height  above 

speed  of  about  70  m.->  « » observed  a.  around  a height  ofl  1 km.  Deer 

13  km,  the  horizontal  wind  was  only  several  ms  at  20  km. 


Profiles  of  vertical  momentum  fluxes 


4 rronies  ui  vu  ** — 

. , • Fi_  o are  vertical  profiles  of  the  frequency  spectra  of  the 
The  contour  maps  represented  in  Fig.  2 ;et  period,  there  are  no  large  fluxes 

momentum  fluxes  in  the  active  and  quie  peno  • for  the  active  period,  in  both  zonal 

at  the  whole  period  and  height  ranges,  n afe  distinctly  seen  in  the  height  ranges 

and  meridional  components,  large  momen  at  almost  all  frequencies. 

hiasedUerd  negative  at 
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Figure  3:  Vertical  profiles 
period.  Top  and  bottom  fig 
fluxes,  respectively. 


of  the  momentum  fluxes  for  each  frequency  range  for  the  active 
ures  show  the  zonal  and  meridional  components  of  the  momentum 


frequencies.  This  indicates  that  most  of  the  gravity  waves,  which  contribute  to  the  momentum 
fluxes  appearing  in  Fig.  2,  have  wavenumber  vectors  directing  westward. 

Another  important  feature  of  Fig.  2 is  that  the  momentum  fluxes  at  almost  alHrequenaes 
vanish  at  around  20  km.  If  such  a profile  shows  the  absorption  of  each  gravity  wave  due  to  the 
ISSi  of  the  critical  layer,  the  waves  must  have  the  same 

equals  the  mean  horizontal  wind  speed  at  20  km  of  several  ms  - The  phase  velocity  very 
small  as  those  of  topographic  waves. 

Next  in  order  to  examine  differences  for  the  frequency  and  the  detailed  vertical  profiles  in 
the  active  period,  the  momentum  fluxes  are  examined  for  three  frequency  ranges,  i.e.,  , 

3 and  0 3-1  hrnrrs,  having  the  same  length  in  the  log  scale.  The  vertical  profi  es  for  each 
Lid  the  total  frequency  ranges  are  shown  in  Fig.  3.  From  the  figure,  ,t  is  found  that  in  this 
case  larger  fluxes  were  observed  in  the  lower  frequency  ranges. 

It  is  also  interesting  that  a peak  value  is  observed  at  about  18  km  m theprofiiesofboth 
zonal  and  meridional  components  for  the  frequency  range  of  3-10  hours.  This  suggests  th 
negative  acceleration  of  the  mean  horizontal  wind  above  the  height  of  the  peak  and  the  posit,  e 
befow  it,  which  tend  to  strengthen  the  vertical  shear  of  the  mean  wind.  The  magnitude  of 
the  accelerations  calculated  from  the  vertical  profile  of  the  momentum  fluxes  is  about  15 
ms-’day-1  at  the  maximum,  which  is  very  large  for  lower  stratospheric  values.  Moreover,  it 
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Figure  4:  Vertical  profiles  of  the  normalized  correlation  between  wind  components  for  a fre- 
quency range  of  3-10  hours  in  the  active  period.  Left  and  right  figures  show  the  correlations 
ot  vertical  component  with  zonal  and  meridional  components,  respectively. 


noteworthy  that  such  profiles  cannot  be  explained  unless  the  selective 
waves  propagating  upward  happened. 


transmission  of  gravity 


5 Correlation  between  horizontal  and  vertical  components 

Using  the  power  spectra  of  horizontal  and  vertical  components  and  the  momentum  fluxes  we 
can  estimate  the  normalized  correlation  between  horizontal  and  vertical  component  at  each 
frequency.  Figure  4 is  a result  for  the  frequency  range  of  3-10  hours.  The  values  for  a height 
range  of  15-17.4  km  in  the  left  figure  could  not  be  estimated  because  of  the  small  power  of  the 
zonal  component  u.  Large  correlations  are  observed  above  18  km  which  is  the  height  of  the 
peak  in  the  momentum  flux  profiles  shown  in  Fig.  3.  This  is  also  consistent  with  the  concept 
oi  the  selective  transmission  of  gravity  waves. 


6 Summery  and  discussion 

An  analysis  was  made  of  momentum  fluxes  in  an  active  period  of  the  vertical  wind  compo- 
nent. As  results,  several  interesting  features  of  the  gravity  waves  were  revealed,  such  as,  large 
momentum  fluxes,  the  selectivity  of  directions  of  wavenumber  vectors,  small  horizontal  phase 

: 7'eS,Tr  ^ i raT  °f  thC  freqUCnCy  analyzed-  a lar8e  acceleration  of  the  mean 
wind,  and  the  selective  verbal  transmission.  Some  of  the  results  are  well  explained  if  the  fluc- 
tuations are  due  to  topographic  waves:  The  slight  variation  of  the  mean  wind  cannot  cause  the 
frequency  modu  ation,  but  probably  cause  the  phase  modulation.  And  the  MU  radar  observed 
tile  phase  modulation  as  fluctuations  in  time. 

However  some  features  like  large  momentum  fluxes  observed  only  in  the  lower  stratosphere 
is  a remained  issue  to  be  explained.  Furthermore,  it  is  necessary  to  investigate  the  interactions 
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between  gr.uity  waves  the  tne.n  flow  in  note  *Ujl  « £ ^ 
stud,  are  due  to  top.gtaphic  waves,  there  "^a  C— ™ »' 

phases  of  the  waves  might  be  appeared  in  the  data,  the  mome 

not  only  temporally  but  also  spatially:  btained  here  are  different  from  those  by  other 

Some  results  about  the  momentum  9)  through  a similar  analysis 

Statistical  analyses  and  accumulation  of  case  studies  wi  e impo 
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MOMENTUM  FLUX  MEASUREMENTS  AT  69°N  AT  VHF 
Iain  M.  Reid  and  Rudiger  Riister 
Max-Planck-Institut  fur  Aeronomie,  Katlenburg-Lindau,  FRG 


~ ■ N ~ hon20ntaJ  momentum  per  unit  mass  in  the  SW-NE  plane  This  is 
u w sin</>  + v't v'cosdt  where  <&>  is  4^°  TVi^  ■ j*  • j * ^ iiiis  is 

The  application  of  multibeam  Doppler  radar  techniques  in  the  mesosphere  at  VHP  i, 
greatly  facilitated  at  high  latitudes  in  summer  by  the  presence 

Summer  Mesopause  Echo”  or  PU9P  aq  ■ n.  _ ^ olar 

sociated  with  the  pur  op  , . ’ own  ln  ^*Sure  2,  signal-to-noise  ratios  as- 

TeS  LT  te  P .I"!  S ’ the  eChOCS  CXh,bit  CXCellent  continuity  in 

ight  and  time.  Consequently,  data  acceptance  rates  are  high  in  all  six  beams. 

Note  that  spectral  widths  measured  in  the  vertical  heam  of  tK  a 

nea,  the  region  of  highest  power,  possibly  suggesting  a partial  refle^on  t^e ££? 

CT,^HOWSKY.  this  VOW).  Mesospheric  velocities 

(Figure  3),  but  they  „e  dsTfoiXTetw^  S 
casion.  This  require,  . radio]  velocity  exceeding  13  lT,”  The  W « T',  " 
velocity  ere  ,„o  «comp„,,d  by  ^ L^Jce  W,  “S'  fl"C‘"at'°”  ” 

rs*:  nc  iz 

we  Them « t $ in  “ the  10  min  - 6 h p“fd 

- 12  h nerioIT  a<:celerat10n  in  the  SW-NE  plane  due  to  motions  in  the  10  min 

corresponding  value  for  the  three  hour  period  is  273  m s-  day-*  A more  ' V? 

(Ssr°n  ot  th”<’  r“ui1' is  gi,e° in  reid  e* ai-  <i988>  “d  ruster  mid 
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1)  Radio  Atmospheric  Science  Center,  Kyoto  University 
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4)  Department  of  Electrical  Engineering,  Kyoto  University 


1 INTRODUCTION 

Meso-scale  wind  and  temperature  fluctuations  in  the  middle  atmosphere  are  sometimes 

J suoerD^sTtion  on  USmg  aHd  Wavenumber  sP<*tra,  since  they  are  observed  as 

rZd  Ti  Ssfi \ a l r7  T f W'th  Vad0US  fre(lu<:ncies  “d  wavenumbers.  Damn  and 
ood  [1986]  and  Sm  ith  et  al.  [1987]  proposed  a vertical  wavenumber  spectrum  of  gravity 

waves  that  are  saturated  due  to  convective  or  Kelvin-Helmholtz  instabilities  Smith  et 
velocity  « 2 Mows  ' V"“C*1  w“venumber  horizontal  wind 

= (l) 

where  m and  N are  the  vertical  wavenumber  and  Brunt- Vaisala  frequency  respectively 
From  (1  the  spectra  Fr/To(m)  and  FN,(m)  for  the  normalized  tempo  a tZ  T’/T 
and  W2  fluctuations,  respectively,  are  further  deduced  as  ' /T° 


F'r/T0(m)  — 


N4 


10  g2m3 


(2) 


N4 

FNi{m)  = — — 
10m 


lum  (3) 

,CmP"“UrC'  b“ker“nd  “d  *> 

observed  F (ml  K.*”! iST” 1,qn“,,K**17  WeemeM  between  the  mo, lei  and  tl, e 
is  concerned  will,  simutaLi  TlrnikTn' '““f' T'“S  P*PCI 

sphere  and  mesosphere  condncted  in  October  1986witl,  the  MU  r2iS6a"ki  IS'S 
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1J6-E),  Japan,  and  observations  of  FT./T.(m)  and  FV(m)  with  radiosondes  launched  from 
the  MU  radar  site. 

2 WIND  VELOCITY  SPECTRA 

The  zonal  and  meridional  wind  velocities  were  determined  at . 5-21  km^ on  °cj 

tnhpr  1Q86  from  MU  radar  observations  with  a range  resolut 

includes  the  dependence  of  F„(m)  on  the  We^ilve^chosen  5 -9  km 

and  S-19VkmnalSsfm  a spectrXalysis  as  tropospheric 

respectively,  where  N2  averaged  over  each  height  ranges  was  1.1x10  and  4.1x10 

''^Mesospheric  wind  motions  were  likewise  monitored  during  daylight  I Z 

r T1  on  13-31  October  1986.  Wind  velocity  profiles  were  determined  at  about  6o  85  km 
22.“  Light  resolution  of  600  ,».  Since  a simultaneous  oration 

profile  near  mesopause  was  not  available,  we  assumed  TV2  = 4.3x10  (.ad/s)  based 

the  CIRA  1972  model  at  the  altitudes  of  the  radar  observation. 

Afautoconelation  function  is  calculated  from  the  fluctuating  wind  componen  after 

ess ~ - - - 

F°Ur“h.  W '-r  stratosphere  (S)  and 

troposphere  (T),  together  with  the  model  values  of  F„(m)  calculated  from  (1)  )y  using  a 

value  of  N2  in  each  height  region.  . tw.„n  _._2  «lld  4xl(T4 

In  the  mesosphere  the  zonal  spectrum  has  a slope  near  -3  between  m-l  ana 
fc/m  SfSd  agreement  with  the  model,  while  the  meridronal  spectrum  las 
a sllghtly  Leeper  slope  in  the  same  wavenumber  range.  It  ,s  also  suggested  that  l e 
dominant  vertical  scale  of  gravity  waves  in  the  mesosphere  is  j | h odel 

In  the  lower  stratosphere,  the  meric diona! icctriun 

ZSZl  LrrSir^.TlSrmdianred  at 
m > lxlO-3  (c/m)  compared  to  the  meridional  spectrum  and  the  model,  which  tan  re 
explained  by  the  finite  range  volume  effect  \FuUo  el  «t„  19881-  Therefore  the  increase  of 
the  zona)  spectral  density  at  large  wavenumbers  is  artificial,  and  the  merit  1011a  spec  mm 
m,  Zs  to  be  a better  measure  of  the  spectral  amplitude  of  the  gravity  wave  fi  Id 

The  spectral  density  of  the  zonal  and  meridional  components  in  the  mcsosphc.e  and 
lower  stratosphere  are  similar  at  large  wavenumbers,  while  the  meridiona  spcctiun.  has 
larger  energy  density  at  small  wavenumbers  where  the  spectrum  is  not  satin  ated. 
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cietermtoed  from  the  MU  radar  observations  in 

specUvely  ^ K^.I,n“  Sh°W  ^ a"d  meridional  components,  re- 

p y.  linn  chained  and  broken  lines  correspond  to  the  model  snectrmn  nr(Vii„t„j 

spectTvely0"  * “ ^ Stratosphere  and  mesosphere,  and  in  the  troposphere,  re- 
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Spectra  in  the  troposphere  are  enhanced  relative  to  the  model  by  a factor  of  up  to  2 
excluding  the  spurious  enhancement  of  the  zonal  spectrum  at  large  wavenumbeis.  This 
suggests  that  the  meso-scale  wind  fluctuations  in  the  troposphere  are  not  entirely  caused 
by  gravity  waves,  but  include  considerable  contributions  from  other  activities  such  as 
convective  motions. 


Figure  2:  The  mean  Fr'ini171)  observed  in  summer  (left  panel)  and  winter  (right  panel). 
The  spectra  with  larger  amplitudes  are  from  18.5-24.5  km  altitude  (stratosphere),  while 
the  others  are  from  2.0-8.5  km  (troposphere).  The  dashed  curves  correspond  to  the 
model  spectrum,  where  the  mean  N2  in  the  troposphere  and  stratospheie  aic  assumed  as 
1.84xl0"4  and  6.49xl0-4  (rad/s)2  in  summer,  and  1.75xl0“4  and  6.36xl0~4  (rad/s)2 
in  winter,  respectively. 
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WAVENUMBER  (c/m) 

Figure  3:  The  same  as  Fig.  9 except  for  N2  spectra. 

3 NORMALIZED  TEMPERATURE  AND  N2  SPECTRA 

By  using  a high-resolution  radiosonde  sounding  system  we  have  observed  temperature 
profiles  over  the  MU  observatory  for  34  times  during  five  campaigns  in  summer  from 
30  June  to  4 September  1987,  and  for  31  times  in  winter  from  22  December  1986  to  25 
February  1987. 

Figs.  2 and  3 show  FTi/To(m)  and  F^a(m)  determined  in  the  2.0-8. 5 km  (tropo- 
sphere) and  18.5-25.0  km  (lower  stratosphere)  altitude  ranges,  where  a vertical  spacing 
to  calculate  T'/T0  and  jV2  was  150  m. 

Except  for  the  spectrum  detected  in  summer  stratosphere  the  slope  of  the  mean  spec- 
tra is  very  near  -3  and  - : for  FTr/To(m)  and  FNi(m),  respectively,  for  6x  10_4>7h>3x  10-3 
(c/m),  which  suggests  an  agreement  with  the  model  described  by  (2)  and  (3).  On  the 
other  hand,  the  amplitudes  of  the  observed  spectra  in  the  summer  stratosphere  were  as 
small  as  0.4  of  the  model  value,  implying  that  the  gravity  waves  were  not  fully  saturated. 

To  summarize,  vertical  wavenumber  spectra  of  meso-scale  fluctuations  of  the  wind 
velocity,  normalized  temperature  and  N2  in  the  middle  atmosphere  are  fairly  well  ex- 
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♦ m However  we  have  also  found  that  the 
Pg“  significantly  above  the  „opo„a»se  « « 

necessarily  fully  saturated. 
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velociItyMrrL19^e^%Spo%^^°1et  1985>  - the  radial 

angle  at  every  30°  of  azimuth  during  f1°We’;  stratosPhere  at  20°  zenith 
azimuth  during  two  days  The  pulsed  f°U!;,  days  and  at  every  45“  of 
were  spaced  282km  apart 'in  altitude  Tle/stre^"  “*  ^ range  ®ates 
the  entire  period,  with  overhead  „ r,  ,Jat  stream  was  present  during 
13km  ranging  from  35  to  ^ betWCen  ab°Ut  12  and 

from  about  10.5km  on  the  first  two  days  to  about 

tered  from  10. 19?17kitw“^Ja*^r^ged  °Yer  ran«e  Kates  cen- 
averaged  over  20  minutes.  Some  xtp  f I!'7  T “lnutes  and  then 
are  shown  in  Figure  1 . The  points  ah,*  variance  versus  azimuth 
curves  are  least-square  fits  of  a function  T*?  variances  and  the 
the  first  two  azimuthal  harmonics  The  mcaC<TIStlng  °f  the  “ean  plus 
total  kinetic  energy  per  unit  ? . ®n  ls  Proportional  to  the 

first  harmonic  is  proportional  to/h  ^ fluftuatlon  field  and  the 
turn  per  unit  mass/  l£  S,  5luX  °f  horizontal  momen- 

is  dominated  by  the  first  harmonic  in  No°'64s°  ^ a^muthal  variation 
is  in  addition  a lare.*  second  * t’  643,  0nly  20min  later,  there 

harmonic  is  much  larger  than  the ™irst  harm  N?S'  k6°  and  700  the  second 
second  harmonic  is  much  smaUer  thin  in  No  fifin'  £ in  N°'  700  the 
that  the  variance  varies  strongly  versus  £oth ^J^nTSE"  Sh°W 

from  29%h  to  80°3h  from  th/beginning/f/heT  Ce"tered  on  rec°rds 
for  each  successive  curve  shifted lo h.  h L wlth  the  ^ero 

examples  in  Figure  1 are  indicated  bv  th.  8 X' 1(m/s)  ' The  four 
the  margin  of  the  upper  panel  Th*  7 ^ frrows  between  40  and  50h  in 
particuiarly  during  the  amplitude  peaks  at  ^ Second  harmonic, 

vl,lbU'  ■*“ «» u 42;hlv."^X'.£“ly 

harmonic  terms  are%llled  versus’tlme  i ^ i ^ ' and  °f  Che 
are  averages  over  lh  plotted  every  4min1  j^g“re  3:  These  quantities 

rather  well  correlated  with  a bur  t-w  IC,iS  evldent  that  a2  is 

There  does  not  appear  t:o  be  any  overall  correl  t"ly  slightly  correlated. 

*1  and  *2.  y overail  correlation  or  relation  between 
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By  using  a ^>del  of  the 5“ C sh^Chtf  pr 1 of  the  ob- 

s lyrrssss  LSsrasEs- 

similar  to  observed  spectra  but  with  a restrict 
of  propagation  vectors . 
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Figure  1.  Examples  of  Che  variance  th.^af 

points  are  averaged  over  20mVV  ^^^fitted  to  the  data 
poInrsVl-ft'sUrea'^ote  that  the  panels  labeled 
No.  640  and  No.  645  are  only  20  minutes  apart. 


AZIMUTH  ANGLE 
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30h 


0 4(m/s)2 


VARIANCE 


g29e02toS80C3hSlV?i1^ed  CUrV6S  centered  20  min  apart  from 
with  zero  for  each  successive  curve 

in1??6'1  °1the  rlght  bT  Km/s)2.  The  four  examples  shown 
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2Radio  Atmospheric  Science  Center 
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We  calculated  the  momentum  flux  from  the  variances  In  each opposite 
4.6.5,  using  the  method  of  ^NCENT  AND  ^ ^ ^ the  days 

£S  each  £ rTs  5,  n- 

IZ  flux1  over  * the8 entir  e *"  s ix  - daySper  iod  was  about  0.20(m/s)2  towards 
270°. 

^ « s^":1  z”*1 

celeration  varied  smoothly  from  “ +2 (m/s)/  y 
« -1 . 5 (m/s) /day  above  15km. 

The  inferred  drag  above  the  pea^of^he  J*. tresis  ta  reasonable 
agreement  with  that  inferre  y h in  sign  of  the  acceleration 

^ “ * *-  " £Ut"i"£  by 
the  jet  stream  of  tonally  propagating  gravity  waves. 
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ox  cne  verticallv 

averaged  momentum  flux  for  the  four-  and  two-dav 

Krs? ; Ps*t;ln"~id  - * i.-t'qjs. 


^ r xi-oxxies  ot  the  zonal  (solir 

tluxes  for  a)  all  periods,  b)  7-24h,  c)  2-7h 
d)  30min-2h  and  e)  8-30min.  Lower  panels:  Profiles 

with  f>2throuah  -rridi°nal  mean  fl°W  accelerations, 
with  f)  through  j),  corresponding  to  a)  through  e) . 
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fractal  analysis  of  gravity-wave  spectra  in  the 
fractal  ajna  middle  ATMOSphere 

Richard  L.  Collins 
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University  of  Illinois,  Urbana,  Illinois  61801 

Prabhat  K.  Rastogi 

Electrical  Engineering  and  Apphed  Physics  ^P^jnt 
Case  Western  Reserve  University,  Cleveland,  Ohio  44100 

Summary 

Velocity  fluctuations  in  the  middle  atmosphere  show  * 

mmwmM 

raprrnd".“  a fracta.  representation  of  the 

atmospheric  velocity  field  may  be  possible. 


Introduction 

ssrias^BHrSSSS 

sensitive  high-power  radars  (see  ej  ^ttge  , ) P yariation  with 

density  (PSD)  S(f)  of  these  senes  often  follows  a powe 

frequency  (f) 

S(f)  = a f P fora<f<b;  a,  p,  a and  b constants  (1) 

with  spectral  index  p in  the  range  of  ^ 

obSned  tough' ‘e'SaUpectml  tsttaaUon  techniques  (Marple.  1987),  and 
the  spectral  index  p is  found  by  a least-square  it. 
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widely  encountered  in  electronics  and  astronomy  fsee  e g D'Ami™  a 

flUCtUali<>ns  ta  fluid  have  energy  spectra 

STSte,  as  high  as  p=7  to  viscous  ^ [see 

fn81*  v intereSting  asPect  of  col°red  noise,  viz.  the  varying  extent 

to  which  it  fills-up  the  plot  region  for  different  spectral  B B Iti 

apparent  that  white  noise  0=0)  tends  to  fill  up  a strip  of  the  plane  but  noise 
curves^cruf  ^aLren^f  ™ Z 

originated  from  a similar  analysis  of  fi  noise  in  ealacric  xlv  .1?  ^a 

SaT  ™a  - fracta,s  by  McHardyLTS; 

In  this  paper  we  first  briefly  outline  the  relevant  definitions  of  fractal 
D for^rnl  ’ A11  empincal  relatI0nship  between  the  index  p and  dimension 

conclnrlT  Profl*es  of  D and  P are  shown  to  be  remarkably  similar  We 

Sdex  nf  r^f  fTta  analysis  is  3 qualitative  method  for  finding  spectral 
rndex  of  colored  noise  processes.  Implications  of  our  resuhs  afe  hriPflv 
discussed  m the  context  of  atmospheric  dynamics  models  y 

Relationship  between  Fractal  Dimension  D and  Spectral  Index  p 
The  concept  of  fractal  dimension  of  irregular  obiem  that 

msf  B7enbr°ad  ra"ge  °l SCaks-  is  4inaUy  K;tldelbro^  "m? 

2 la?c  '%'  ZT  3 Unique  len*th  cannw  ■*  attributed  to  an 
rregular  curve.  If  die  length  L is  measured  with  yardsticks  of  length  u put 

end-  o-end  along  the  curve,  then  L(p)  increases  as  p is  made  successively 

smaller.  For  a stratgh,  lit*.  L does  no,  depend  on  p.  Bu,  ex,re 
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FIGURE  1.  Plane -filling  characteristics  of  plots  of  simulated  time  series  with 
different  values  of  spectral  index  p for  i=l  to  2000  samples.  White  Gaussian 
noise,  (a)  p=0,  almost  entirely  fills  a strip  about  zero  amplitude.  Noise  with 
(b)  p=1.5  and  (c)  p=2.5  has  successively  weaker  plane-filling  characteristics. 


curves  tend  to  fill  up  the  plane.  The  fractal  dimension  D’  is  defined  by 
Mandelbrot,  through  a linear  dependence  between  log  L(p)  and  login).  as 


d log  L(n)  _ 1E),=  _D 
dlogn 


(2) 


A straight  line  has  a fractal  dimension  D’=l.  An  extremely  irregular  curve 
that  tends  to  fill  up  the  plane  has  D’~2.  Many  examples  eg  the  tnadicKoch 
curve  with  D'=1.262,  have  been  discussed  in  detail  by  Mandelbrot!  1983). 
Fractal  curves  on  a plane  are  self  similar  under  magnification. 
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For  a noise  time  series  F(t)  of  duration  T,  MC  defined  a length  metric  L(p) 


L(H) 


-if 

o 


I F(t+p)  - F(t)  I dt 


(3) 


H™hjS  in  *5?  Uni'-S  as  F’  ^ D = D’-1  as  *e  fractal  dimension  for  the 
time  senes.  This  circumvents  the  need  for  two  different  scaling  factors  or 

magnifications,  in  amplitude  and  time,  necessary  for  defining  the  fractal 
dimension  of  a physical  tune  series  or  random  process.  Such  processes  are 
self-affine  and  calculation  of  a meaningful  value  of  fractal  dimension  for 
Aenys  not  straightforward  [see  e.g.  Voss,  1988].  We  follow  MC's  usage 

A noise  process  with  a power-law  spectrum  defined  in  equation  (1)  entails  a 
hierarchy  of  scales,  similar  to  that  encountered  for  fractals,  with  a suitable 
assignment  of  power  to  each  scale.  Intuitively,  we  expect  p and  D to  be 

I SSf  “ *u8gcsted  by  figure  1.  We  are,  however,  unaware  of  specific 
results  relating  these  iwo  quantities  except  for  a conjecture  due  to  D.  Raine 


P = 2(1 -D);  for  0 < p < 2 (4) 

mentioned  in  MC.  Raine's  result  is  an  approximation  valid  only  for  p<  2,  as  it 
unplies  negative  D for  p>2.  The  ~f-i  time  series  analyzed  by  MC  have  D=0  6 
sufficiently  close  to  the  value  D=0.5,  given  by  equation  (4)  . 


Write  noise  with  P=0  almost  entirely  fills  up  a strip  in  the  plot  region  as 
shown  m figure  1 Or  this  basis,  D’  approaches  the  topological  dimension  2 
of  an  area,  while  D approaches  1.  On  the  other  hand,  the  PSD  for  a process 
widi  very  large  p can  be  approximated  with  an  impulse  at  the  low-frequency 
end.  Realizations  of  Fi  t)  become  sinusoids  at  this  frequency  D‘  for  a sinusoid 
appmaches  1 (same  as  for  a straight  line),  and  D vanishes  liese  S 

JwSESffl®  ’•  “ aIs°  * 


An  empirical  relationship  between  D and  p has  been  found  by  computing 
dimensions  D for  time  series  of  colored  noise  with  known  indices  p. 
Generating  series  with  p=0  and  p=°°  is  simple.  Algorithms  also  exist  for 
generating  series  with  specific  p,  e.g.  a r«*  weighting  of  white  noise  gives 
P=l,  and  integrated  white  noise  has  p=2.  For  arbitrary  p,  the  time  series  can 
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be  generated  as  the  sum  of  n weighted  sinusoids  (Bemra.  Rastogi  and  Bahdey. 
1 985,  hereafter  BRB)  of  random  frequencies  f,  and  m arbitrary  phases  4>, , 


F(t)  = o'X  sin(27cfit  +4>i);  a’  constant 

w (ff) 


(5) 


Freauencies  f should  be  chosen  from  a uniform  distribution  on  log(C>  to 
redu^computation  time.  Heraafter  a uni,  sample  interval  for , is  assumed. 

Time  series  with  40960  points  were  generated  using  equauon  (5)  P-0_0 

ITs  a^eolo?  0 5 For  a sequence  F(i);  i=l,..N,Um)  was  computed  over 
££?££  of  m in  1 octave  steps.  The  ^”8^3  ^ 

(2)  with  end  corrections,  that  converges  to  it  for  N » m,  was  used 


N-m 


L(m)  IF(i+m)  * 

v 1 niN-ray 


(6) 


Thp  metric  L(m)  was  averaged  over  several  independent  sequences  o 
points.  D was  then  obtained  by  linear  least-square  regression  o (m)  yers 
step  size  m on  a log-log  plot. 

The  results  for  average  D versus  p are  shown  in  figure  2.  The  imcertainty  in 
regression  analysis  has  been  shown  a,  ^standard  debtor i evel  on 
Sr  side,  following  Bmwnlee(1965).  Rune's  Jmear  equauon  (4)  is  exact 
for  (1=0  and  P=l,  but  is  only  approximately  valid  for  1<  (J<  /. 

Fractal  Analysis  of  Middle  Atmosphere  Velocity  Data 
The  data  used  in  this  study  are  time  series  of  30-min  averages  of  zonal  and 

each  height,  assuming  statistical  homogeneity  at  horizontal  scales  < l u Km 
Data  is  available  from  3.8  km  to  36.4  km  heights  at  increments  of  2.2  km,  but 
fc  deemed  unreliable  below  6.0  km  due  to  ground-clutter . and  above  21 A fan 
due  to  weak  echoes.  Two  20-day  periods  cover  winter  (1  -20 > Jmi  1984)  a 
summer  (12  Jun-1  Jul,  1984).  This  data  has  been  analyzed  by  BRB  to  show 
the  variability  of  spectral  index  p for  zonal  and  meridional  winds  with 
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FIGURE  2.  Plot  of  fractal  dimension  D versus  spectral  index  p for  simulated 

S Sent?  °bJa1*n<4dJaS  sums  of  scaled  random-frequency  sinusoids  in 
random  phase  (shaded  circles),  and  Gaussian  white  noise  (solid  circle  G) 

Wl  “ T ^ 111  CStimating  D’  at  three  stanSTviatSn 

evel  on  either  side.  Diagonal  line  shows  Raine's  result.  The  difference  in  the 

two  cases  for  p=0  is  significant  as  discussed  later  in  the  text. 


altitude  and  season.  Figures  3(a)  and  3(c)  show  typical  summer  and  winter 
time  senes  of  zonal  <ind  meridional  winds. 

The  time  senes  are  contaminated  with  sporadic  but  sparse  spikes  termed 
K>  a tlhire  n ^ SeVeral  gapt  °utllers  md  mcasureirEm  errors  contribute 
Following  scheme  hTbSlsed  totodTuUrt  T) 

onginal  senes  is  flagged  as  a gap.  Finally,  (iv)  a local  iLiing8median  filter 

seriefiffigurS^  IT  sp^s *•  Effect  ofthis  scheme  on  the  time 

^ 3(bX  ^ SCheme  detects  outliers  wdh 
f “ P ,, 'tity  (>99%)  but,  as  in  communication  in  a noisy  environment 
.t  occasionally  accepts  an  outlier  or  rejects  a good  data  point!  MV,ronmem' 

Sed^ 

, and  then  D is  obtained  by  least-square  regression  of  log[L(m)]  versus 


361 


20  “ 
m/s  j 


m 


V 1 
-20 


0 


250  t 


500 hr 


observations  arc  noisier. 


£—82-  0»5i=-  ana  gaps  is  stnal.  and  their  total 

duration  M « N . 

s£rssSTes=“£rs 

altitude  and  seasonal  variations  in  p,  with  mm.nta  near  tropopause. 
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d7*  BRB  used  a «-«k 

*e  one  Sudani  deviattan  Ltl!  is  «T  '"  **  5 eS,taKs’  “ 

BRB^h^nnt1^ tP  flr^'leS  °^ta‘ne<*  ky  fractal  analysis  with  p profiles  of 
BRB,  the  latter  have  been  scaled  to  a corresponding  dimension  Ds  usint,  the 

S,  2'  ComParison  fOT  summer  data  is  shown  in 

profiles  ismn^xplichly  S ” " “*  “» 

D7^“t  AWtUde  SeaS°nal  Varia,i0,K  ta  D mtaicto  Brcof 

<*  ,0  va,ues  hi8her 

§ pSSaSSSSSSSSS 

me  cs  for  r,  s and  g at  scale  ft  are  related  quadratically  through 

Lr2(li)  = Lg(ji)  + Lf(n)  (7) 

“ ptfileVoTo^he^  ptirr  °fHkn0Wn  ~ ' 

several  plausible  values  of  measurement  erroffoYm  Ofi"  °/bytamed  for 

noisy  summer  data.  For  the  winter  °re  severe  tor  the  very 

profiles.  Figures  4<c,  ° 

measurement  error  of  0 6 m A at  all  h*;„ufc  a winter  y profiles  for  a 
very  reasonable  in  ,?Irfi,e,' iS 

profiles  in  the  tronosohere  mav  h La  < ® The  dlsPanty  of  the  two 
weaken  the  assumption  of  homogeneity mendSdteSe8'"''*'’'  WaVeS  ^ 


363 


We  find  that  fractal  analysis  gives  values  of  D that  are  in  reasonable 
agreement  with  Devalues  inferred  from  BRB,  though  systematically  higher 
by  about  0.1-0.2.  MC  also  found  an  offset  of  0.1  in  their  analysis  of  '1/f 
noise'. 


FIGURE  4.  Comparison  of  fractal  dimension  D (line)  with  Dp  (solid  circles) 
obtained  from  (3-profiles  of  BRB  using  figure  2.  Panels  show  profiles  for  (a) 
summer  zonal  (b)  winter  zonal  (c)  winter  zonal  with  0.6  m/s  measurement 
error  (d)  summer  meridional  (e)  winter  meridional  (f)  winter  meridional 
with  0.6  m/s  measurement  error.  Uncertainty  in  D at  the  three  standard 
deviation  level  is  shown  by  vertical  bars  and  is  about  i0.15  in  Dp. 
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Discussion 


Fractal  analysis  provides  an  alternative  method  for  examining  processes  with 
a power-law  PSD.  It  is  simpler  and  more  efficient  than  Fourier  methods, 
which  need  ~N  log2N  multiplications  and  additions,  and  evaluation  of 
trigonometric  functions,  for  N data  points.  For  scales  m selected  one  octave 
apart,  fractal  analysis  uses  only  ~N  log2N  additions  and  positive-difference 
operations.  In  typical  applications,  computational  effort  for  fractal  analysis 
may  be  two  orders  of  magnitude  smaller.  Fourier  methods  restrict  the 
number  of  data  points  to  powers  of  2,  and  these  must  be  equispaced 
(requiring  interpolation  through  gaps  and  nonuniform  points).  These 
restrictions  are  entirely  relaxed  in  fractal  analysis.  Finally,  processes  with 
power-law  PSD  s exhibit  strong  trends  which  may  produce  spurious  f_2 
components  in  the  PSD  estimates,  if  not  removed  by  detrending  (which 
requires  extrapolation)  or  suppressed  by  windowing.  In  fractal  analysis 
trends  are  automatically  removed  at  each  scale. 


Fractal  analysis  results  do  not  afford  a proper  discrimination  between 
processes  with  p > 2 as  D becomes  small,  or  between  processes  differing 
only  slightly  in  p.  It  systematically  gives  D higher  than  Dp  by  0.1 -0.2.  We 
surmise  that  two  processes  with  the  same  index  p but  with  different 
distributions  may  have  different  fractal  dimensions.  An  example  of  this  is 
shown  in  the  p-D  diagram  of  figure  2 for  white-noise.  Gaussian  white  noise 
has  D=l,  but  an  arbitrary  sum-of-sinusoids  distribution  gives  D=0.9. 


Qualitatively,  however,  all  the  major  characteristics  of  data  are  preserved  in 
fractal  analysis.  We  do  not  expect  it  to  replace  the  more  accurate  and  more 
involved  spectral  analysis  methods.  Our  results  and  discussion  suggest  that  it 
may  be  an  efficient  exploratory  data  analysis  tool  for  screening  large 
amounts  of  data  as  an  aid  to  refined  spectral  analysis. 

Observed  PSD  of  horbiontal  velocity  components  show  features  that  cannot 
always  be  uniquely  and  unequivocally  associated  with  a field  of  two- 
dimensional  turbulence  (Gage,  1979),  a universal  spectrum  of  buoyancy 
waves  (VanZandt,  1982),  or  with  refined  wave  and  turbulence  models  (see 
e.g.  Liu  and  Kato,  1985).  We  find  that  time  evolution  of  the  velocity  field  is 
reasonably  consistent  with  a fractal  description.  Power-law  behavior  of 
spatial  spectra  of  atmospheric  velocity  field  and  its  intermittent  nature 
suggest  that  a fractal  description  may  hold  for  its  evolution  in  space  and  time. 
We  surmise  that  generalized  scale-invariance  fractal  model  of  Lovejoy  and 
Schertzer  (1986)  may  e.g.  provide  an  alternative  phenomenological  basis  for 
describing  the  atmospheric  velocity  field. 
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Appendix  : Fractal  Dimension  D for  limiting  cases 

We  first  show  that  D=1  for  a white  Gaussian  random  process  g(t).  Without 
loss  of  generality,  let  g(t)  be  zero  mean  with  variance  s2.  Then  z(t)=g(t+p> 
g(t)  is  also  zero-mean  Gaussian  with  variance  2s2  and  the  expected  value  of 
lz(t)l  is  2s/7ti/2  (see  e.g.  Papoulis,  1984).  For  T»p,  by  ergodicity 

L(p)  = ^ 1 g(t+n)  - g(t)  I dt  - jgl  (A- 1 ) 

Since  L(p)  « pr1,  from  equation  (2)  it  follows  that  D=l. 


We  next  consider  a process  y(t)  with  p » 1,  and  show  that  D vanishes 
asymptotically.  With  a power-law  PSD  for  y(t)  given  by  equation  (1)  over 
the  frequency  range  (a,b)  and  a large  index  (3,  y(t)  may  be  replaced  by  a 

single  sinusoid  of  the  form  c sin(2jtat).  In  this  case 


L(u)  = £ f I sin  { 27ia(t+p) } - sin(2rcat)  I dt 

^Jo 


(A.2) 


Writing  the  integrand  about  t+^/2,  and  integrating  over  many  half  cycles  of 
the  sinusoid  i.e.  for  T»(2a)',  the  integral  reduces  to  L(p)=(4acT)  sin(ap). 
For  p«l/a,  L(p)  tends  to  a constant  (4acT),  and  D vanishes  asymptotically. 
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Clark 


1.  introduction 

Attempts  to  ota"V^h;aaarfhiie"been%ri5“a«aSby°?he 

T^irir^si^ t-noir:  i-a 

contributions  from  ^all  scale  , ent  such  studies  are 

large-scale  signal  ^ the  da^a ’ „ et  al.  (1988),  where  more 

Nastrom,  et  al.  <198^'afb^oind  and  references  to  other 
detailed  discussion  of  the  bacjcg  studies  were  performed  in 

work  may  be  found.  Briefly,  all  past  *ara£hic  effects  could  not 
regions  where  the  noise  P^°d^5ib^litygexisted  that  a station  _ 
usually  be  ignored,  the  P b y to  observe  the 

well-removed  from  such  J effec' ts  mig  more  general  conditions, 

scale  components  ^ the  wind  fi  _n  central  Illinois  USA, 

Ongoing  studies  at  th  j an  emerging  result  is  tha 

are  testing  this  hypothesis^  a inated  by  scales  smaller  than 

vertical  motion  field  is  still  i evidently  not 

synoptic  even  though  orographic  effects  ^ ^ powe spectrum 

present.  This  effect  « °i®a“Y  1}  as  there  is  much  more 

of  observed  vertical  mo^°"SalFb^r  or  so  than  at  the  longer 
energy  at  periods  less  than  an  tic_scaie  activity.  wh^® 

periods  commonly  asscici ated  vertical  velocity  are  apparently 

the  high  frequency  variations  waves  which  are  Doppler 

due  to  a field  of  Pr°Pa^ab Cental  wind  field  (VanZandt,  et  al., 
shifted  by  the  ambient  horiz  enerqy  at  longer  periods 

1989),  we  expect  that  much  of  _scaYe  motion  systems  such  as 

represents  contributions  -it  is  not  obvious  that  temporal 

baroclinic  storms.  However,  aeneral  be  filtered  to  provide 

noise  at  a single  station  c in  q tial  average  (i.e., 

mean  values  consistent  with  a la  g P onseqUently,  the 
application  of  the  motions,  believed  to  be  of 

observation  of  synopt ic  J' ca  ot  be  straightforward  even  a 

the  order  of  a few  cm  s , may  nor  u from  the  signal  has 

Flatland.  The  removal  of  0^°^raP  . -that  the  nature  of  the  other 

liSu&a  th.  problem  to  the  ««nt  th.t^th.,^  ^ 

^SSWSLS^^ [n°l  ““i  viiSlty 

,l«h  th.  P-s.,.  o. 
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front,  at  the  surface,  and  identify  af^ntalsignature  that  is 

5K£S.'SrSm^Kii?'E  iSBSSKi.^S 

hypothesis  by  “Wa""qh”i“n2f"nd  Sw°d«“ed°??oS  the 
SiS  f,S1»s  n«”rh.  and  discus,  the  probl... 

associated  with  such  a comparison. 

2.  Analysis 

Time  series  of  vertical  velocity  over  Flatland  during  March 
1987  are  shown  in  Figure  2.  As  at  ot*®r  Ji?;'  periods 

lfS2kr,&fai’“l4^S  STS3.  e^-n  Ift  s ess  at 

front. 

Kis  s»^  i Sti  £n  .that  fronts 

three-dimensional  phenomena  which  move  c g 

Flatland  radar  provide.  Jcf”*™™rSS£y ’of“he 'frequency 
tb“,CK,«2Ba!£tl0«SEerii  d«  frontal  p.ss.,es  ^ 

IFfrE*  s**. 

indicated  ltrSSt«St^SPSe^yHS±iS^t2S^S“2SSTCX|p^^yS ) * 

it  below  5 km,  as  seen  in  r y . . . Pa;miT.e  4 This  pattern 

i.up  analvsis  of  hourly  mean  velocities  in  Fig  * , . ^ 


FL  ATI  AND  RADAR  VERTICAL  VELOCITY 
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upward  and^ovnw^^motL^^lcated^1]'  th®  re9ions  of 

the  front  moved  at  10  m s'1  f aDart  ^bou5  4 hours  <150  km  if 

as  envisioned  in  the  N^egiin  fStal  mo2e?  t0  the  fr°nt  itself 
typical  frontal  signature.  Perhaps  it  ifrti  suggest  it  is  a 
launched  by  the  front  anH  aP?  ls  due  to  a gravity  wave 

the  .v.„t.ydis^fb;“LTer,t;?T1fJr with  si*iLr « 

order  teeture,  yet  i„ 

must  rely  on  the  radiosonde  Network  whicJrr^f°nrnti°nal  data  we 
scales.  For  example,'  around  Flatland  the  £~fleC^S  only  lar9er 
stations  at  Peoria,  Salem  and  Davton  ha=S  trian9le  of  radiosonde 
379  km;  which  defines  the  sman!=£  k * " avera9e  leg-length  of 

with  this  network  over  FratTaiH-rK0riZOn^al  scale  observable 
using  the  continuity  equation  applied  to^h*3*1  in?tions  computed 
this  triangle  for  5/00and  6/ooPUTC-duSn^i,raWlnSOnde  data  over 
lower  boundary  condition  folloSinrNastrom  E^an  P^ping  as  a 
compared  with  radar  time-averages  i^  Fiaur;  t *L(1985) ' are 
represent  6-hour  averaaes  and  Flgdre  5.  The  radar  data 

error  of  the  mean  It^oo Ut£  theT*  barS  are  the  ^andard 
satisfactory  ard  at  6/oouTr^  bh  agreement  appears 
period  centered  at  6/00  UTC  is  depict fd  ®xceHent.  However,  the 
entered  at  6/03  UTCby  trianqlesP  The  .Plus-signs,  and  that 
that  the  rawinsonde  based  value*  ‘ „The  point  of  this  case  is 
large  area  ( of  course  tJ  ^d?  are  ™ean  values  over  a very 
noise  which  we  have  ignored  here^and  th^  C°ntain  errors  and 
only  one  position  inside  the  triinal^  end  twr  tlme  mean  is  for 
radar  is  near  the  center  of  the  San^le  6Ven  though  the 

space-mean  do  not  necessarily  ® 5 t angl®.the  time-mean  and  the 
not  imply  any  error  fn  lither  ?he  ^de^V30*  of  agree"e"t  does 
data,  but  rather  points  to  the  fromm  * data  °r  the  radiosonde 
motion  they  represent.  m tht  ^exrceiemlS,nab^  °f  the  scales  of 
further  illustrate  this  notion  of 1k™h  "i11  use.NMC  data  to 

On  March  l&th  an  ocrinHon  ^ shooting  at  a moving  target” 

southwest,  as  illustrated  in ligSe  Flatland  from  the 

during  this  period  were  upward  as  sefn  in  " vertlcal  motions 

Figure  7.  Greer,  et  al. (19881  Figure  2 and  also  in 

motions,  such  as  clouds  a^d  pkcioitatfnn^1"'1103^^  of  vertical 
and  widespread  echoes  from  *tnT-ir<  **  tat*°n  From  surface  reports 
corroborate  the  upward  mnri  v.SUrVelllance  radars,  to 
noted  that  the  12-hour  fo^alt^^™*^^™*16  radar-  Also,  they 
region  of  large  vertical  motion  apparent?  NM°  m?del  showed  that  a 
during  this  period.  Computation apparentiy  passing  Flatland 

specific  to  the  FlatlandPlocation  Lit^?08*10  vertical  motions 
time-mean  radar  observations  was  outside'thfscopfof 'their'^ 

NMC  gridded^nalyse^using^he  baSed  on  the 

method,  and  the  adiabatic9ouasi  oeo^  th°d'  the  adiabatic 
method.  Details  follow  Naltrom  on>e,?a -equation 

18/12  UTC  are  compared  with  9-honr  al,(1985)*  The  results  for 
Figure  8.  There  is  9-hour  averages  from  the  radar  in 

notion  is  upward  at  several  curves  that  the 

conpanson  is  not  exact.  „,Ve  incluX^ada/Sr^or^o 
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MHR  18  1987  FLT  U 


Figure  7.  Vertical  motions  over  Flatland 
Upward  is  positive. 


on  18  March  1987. 


18  MARCH  1987  12  UT 


Figure  8.  Vertical  motions  computed  from  NMC  gridded  analyses 
compared  with  9-hourly  mean  radar  motions.  See  text.  Y 
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overlapping  time  perils  as : ra  d th  sto£m  is  moving  in  this 
a portion  of  one  NMC  grid  s^are  a"d  *he  ^elarge  difference 
square  throughout  the  averaging  ^ ™lues  |t  lowest  heights 

between  the  radar  means  and  the  i each  data  type  represents, 

may  reflect  a dlf*®r®?°®tations  Qf  the  indirect  methods,  such  as 
taSnJ^eafrefease  and  the  use  of  linear 

interpolation . 

3.  Conclusion 

The  Flat  land  radar  teS^»te*“ 

the  vertical  motions  ov®£  ' Effects  of  mountains, 

latitude  terrain,  free  from  the  eff  begun  to  shed  light  on 

Preliminary  studies  of  this  d absence  of  nearby  sources 

the  nature  of  the  motion  field  in  the  absenc^^  comparison  o£ 

of  orographic  effects.  In  Pa*J  w[th  those  tiroes  when  surface 

the  time  series  of  vertical  indicates  an  association  with 

fronts  passed  or  were  ne^rth  atropoSphere  and  sometimes  into  the 
active  periods  throughout  extent^  Further,  the  passage  of 

stratosphere  of  large  la^eral  troposphere  with  a 

SfoS„  it  :prFd*Sior£adnofh:nd°downwarS  .otion  behind  th. 

front,  creating  a relate^to  synoptic-scale  features 

Although  these  effects  related  to  synun  _cale 

are  easily  observable,  ^et^S®ygt1°f  larger  amplitude  signals 
vertical  motion  itself  in  difficult  The  absence  of 

due  to  small-scale  ra°tions  is  difficult.  ^ 

c^iKe'S'lS S.1  understanding  o£  th.  large  scale 

signal  as  well.  Tavlor  hypothesis  through  comparison  of 

Verification  of  tne  iayiox  “JF  difficult.  In  particular, 

temporal  and  spatial  aa®ra?|S  Cecity  and  rate  of  decay  or 

s. sa.*  srr^c^Ke^i^i;  .cai.  <* 

the  “rssfss  th: 

prom is ingPavenue°f or f future  progress  is  using  multiple  radars  to 
assess  spatial  correlation  features. 
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THE  SPECTRUM  OF  VERTICAL  VELOCITY  FROM  FLATLAND  RADAR  OBSERVATIONS 
T.  E.  VanZandt1  G.  D.  Nastrom’  J.  L.  Green'  and  K.  S.  Gage' 
1Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  8030 

department  of  Earth  Sciences 
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St.  Cloud,  Minnesota  56301 


1.  INTRODUCTION 

The  clear-air  Doppler  rad^  technique  ^ teorological 

MST  radar  technique)  has  been  appUed  to  * (1974)  and  GREEN  et  al. 

problems  since  its  development  by  W°0DMANandGUILLEN(19/^  frustrated 

(1975).  Nevertheless.  geophysical 

of  the  vertlcal  velocity  w' 

When  the  background  wind  the 

(1986)  found  that  frequency  spectra  clone  at  higher  frequencies, 

buoyancy  frequency  and  broke  to  a steep  nega  hl  h GARRETT  and  MUNK  (1972, 

Very  similar  w spectra  are  waves . Thus,  we  can  be  confi- 

dent^ that" the^light -wind  s'ctra  are  due  to  gravity  waves. 

But  when  the  -^^ound  wind 

ECKLUND  et  al . found  that  the  spectral  amp  lieht-wind  spectra,  as 

changed  so  ss  to  become  quite  ncon^^  changes  .ight  be  to  to 

S°™.  HASIROK  «c 

S.-JEKtSSyS'K.* -« — - — »'»  “* 

nearby  Rocky  Mountains  in  Colorado. 

tt.Pto.ea. 

terrain  might  be  used  to  study  g truct:ed  t^e  Flatland  radar  near 

vertical  motions.  For  this  reaso  show  that  the  behavior  of  w over 

flat^2 * * 5 terrain^ is* indeed^quite  2f2£»?  ’from  that  near  mountains. 

2.  DATA  AND  METHODS 

The  Flatland  radar  is  located  about  8km  west  of  Champaign-Urbana , 

Illinois,  at  40 . 05°N,  88.38°U,  212m  above  sea  leve^  £j*"_colllnear 
quency  of  49 . 8MHz . The  ^_at^^p“er  beamwidth  of  3.2°.  The  data 

dipoles,  with  a two-way,  hal  P ..  leneths  and  range  gates  centered  from 

analyzed  here  were  taken  using  750m  Pulsa^™ned  only  from  2.2  to  16.4km, 
1.4  to  19.4km,  but  useful  data  were  usua  Y tropopause.  The  Doppler 

with  often  a region  of  missing  ®awitv  resolution  of  5cm/s  and  an  unaliased 
^riocrty^lnge'o/tslm/s.  Further  details,  including  examples  of  the  data, 
are  given  in  GREEN  et  al . (1988). 
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until  April  1988,  wither ief^nterruDti  ab0jC  every  2 l/2min  from  2 March  1987 
break  of  about  six  weeks  In  tJe l^r  o^lSy  failUreS - etc'  a"d  - 

from  time  series  of  two  different  Umrthc  sPectra  were  derived 

successive  observations  were  missint  ^ i , ? “V?*-  « “ore  than  three 

procedures  described  in  GREEN  et  al8  (1988)”1  that  i/  if6  £Uality  conCro1 

greater  than  lOmin,  then  the  time  series  w^  re  jeered  T^eTtH 

cepted  time  series  a-  oanh  . “jeccea.  Ine  data  in  the  ac- 

uo. 

Climatic  Data  Center!  tS  Were  obtained  ^om  the  National 

3.  RESULTS:  6h  SPECTRA 


s„%'h:eo,p,n<‘*“* ot  th*  sp~"* » viJ%:.*.Tb”y»eVf;:.“ 


to 
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in  Figure  2 the  spectra  ar. 

For  each  mean  spectrum  the  (cm/s)2  are  given  in  the  table  in  the  upper 

average  and  the  variance  VAR  ( / ) ® is  unreliable  because  N is 

‘b*  P°' 


Fig . 2 . Frequency 
spectrum  at  15.6km 


spectra  stratified  by  altitude.  The  mean 
is  noisy  because  it  includes  only  4 spectra. 


Th...  spectra  closely 

even  though  the  mean  horizonta  t sites  near  mountains  (see 

J-fS  alC  , "19 8 5 ; ^l^^etHalf^l^S^ECKLUN^e t al.,  1986;  and  I^SEN  et 
1988)  . 

w.  have  also  sorted  tt.  spectra  et  3.7  «<Mi. 

■su  ‘ny'd.^*  "«;nr-STn.n“»d,p“t” 

corresponding  to  the  upper  and  o q » surprising,  since  in  Fig. 

’•r^oi  STiA:  jE^' very 

no ti cable  differences. 
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spectra  resemble  the  QUIET  ALPEX  spectra.  1 ind  speeds  the  Flatland 

at  It  tiBT  ?• where  the  spectra 

2l./h‘  *£*  £r“  «tk  boundaries  ITT?  g"4  W 

spectra  enHo ttlS'S’bSSJIlrJS  £east  -W 

speeds.  The  spectra  have  been  multiplied  bv  WS^  to  & st°Srams  of  wind 

stzl'z&z  £—  — ~ -s r 


stratified  by  wind  speed.  ^The 


observed  and  model  spectra 
and  p , respectively,  and  divided 


I 


have  been  multiplied  by  WS 
by  the  variance. 


srjz  srf.'ss’fe-  p '* -« F «ss  sjssrjsrt  s. 

consistent  Zlt>  »4u,^gS3  b*h*««  “ 
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F1  * ^””£  BS- 
discussed  more  quantitative  y 


This  behavior  will  be 


4.  COMPARISON  WITH  MODEL  DOPPLER- SHIFTED  GRAVITY  WAVE  SPECTRA 

Models  for  Doppler- shifted  atmospheric  gwvlty  «*^P^T  (1987).  In 

presented  by  SCHEFFLER  and  LIU  (1986)  and  y TS  and  VANZANDT,  because 

Sis  paper  we  have  chosen  to  ^ , ny  rn 

we  are  more  familiar  with  it.  --  r f their  approximations  to  the 

“d“  to  b.  obis  to  ibV..ti|.»  th.  •«“  oloSS^p.ott-.  V.  found  th,t 
physics  of  gravity  waves  and  to  the  on  the  results.  0n  the  other 

Sn/To~VX“p”«totrn.Uto  tb.  intrinsic  ,p.o„-  of  -»* 

'mm  - »»->  T?  p - 

We  also  considered  CW° ^V^zLoT^wi a fraction  a^  of^the 

wave'energy  propagating^  the  f SStlon^^lternatively^  ^at  a 

fraction  1 - ax,  in  the  opposite  direction.  circle  containing  the  wind 

fraction  . oppo.it.  ...iolrol.-  ».  found  that  if 

vector  and  a fraction  x + » 
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“ 1/2-  then  either  distribution  can  fit-  n,  u 

1/2'  the  spectra  ^cannot  if  *+  iS 

scaled  backgrounded  speed^  ^ws/c*  ^here  c"  ihethinduSpeed  throu8h  the 

str speed- es,:inated  - - - 3.?m/shinre^  z&s ^s^jrss:- 


th^  hd  With  fi‘  In  °rder  to  scale  thM  S the  3 ^ ShOWn  by  the  curves 
they  have  been  multiplied  by  /J5  and  divided  bv  thT  38  the  observed  spectra 
frequency  range  as  the  observed  spectra  It  t thevariance  over  the  same 
model  spectra  changes  in  the  same  way  as  the  oh  CVld®nt  that  the  shape  of  the 
other  heights  are  similar  From  this  we  H observed  spectra.  The  results  at 
Doppler-shifted  gravity  wave  spectra.  conclude  that  the  observed  spectra  are 

spectrum  i s ? Kvlr i^: ^ iiL^ndent ^ 6al t i tude^  °f  the  lntrinsic 

However,  agreement  with  the  observed  ' ?ind  sPeed.  wind  shear  etc 

ntrinsic  shape  did  vary  som^ll it  larged!  ^ aChieVed  even  « ‘ 

intrinsic  spectrum  is  strongly  smeared  in  frequency  ' large  P the 

VAR  i^nl'r.ftaSK  t^CtorLrva^il0ttediVerhSUS  WS  in  Fi6-e  4.  However 
part  of  the  wave  energy  has  been  Doppler  shifted^ut8^1^  WaVe  field>  since’ 
range,  especially  toward  higher  fremwnM  outside  the  observed  frequency 

using  the  model  are  also  plotted  in^igu^^ . ""  t<>tal  Variances  estimated  * 

proximately  as  WS®^  ^ Ctoal  Variance  varies  almost  linearly  with  WS 
increase  must  be  takei  inrn  comPare  variance  with  variance  as  ? tkt 

wind  speeds.  ^ int0  aCCOUnt  wha"  comparing  spectra  takeVat  differed 

at  an  altitude  verytd:’fferenttfromi3  lnt[insi‘:  wave  spectrum  were  generated 

awaytha"  Pe°ria-  Phe“  the^  SoppUr-awSed  sZt  Very  much  farther 

hardly  depend  so  strongly  on  the  Inmi  < , ^ ctra  anc*  the  total  variance  could 

gravity  wave  field  is  locaUy generated  i"  7““;  ^P^cation  that  the 

cerning  the  sources  of  the  gravity  wave  ffJd  with  usual  ideas  con- 

consequences  for  the  physics  of  theWneldfleld'  ^ iC  may  haVe  iraP°ctant 

5.  CONCLUSIONS 

invariant  in  tl^t^phe  rf  ^^^he o^he  ° 1 ^h SpeC tra  are  essentially 
ensity  is  about  a fac  ;or  of  two  larger  i-n  t-K  ^ re ’ ^ut  that  the  spectral 
stratified  by  wind  speed  are  quite  consistent®  .^°P°sPhere  • The  spectra 
spectra.  This  implies  that  the  shape  of  the  in tt^  D?ppler'shiftad  gravity-wave 
dependent  on  the  wind  speed.  The  variance^/?*  lnSlC  spectrunl  ls  °nly  weakly 
0.8  power  of  the  wind  speed  at  the  „ , ?f  he  spectra  increases  about  as  V 

invariance  of  the  shape  of  the  iJtrinsic^  Ut  at  Peoria-  130km  away.  The 
the  variance  on  the  local  wind  Ipeed  i^dicates^  “nd  the  stron«  dependence  of 
generated  at  about  the  same  altiLde 
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A FIRST  LOOK  AT  CONVECTION  WAVES  OBSERVED  BY  AN  ST  RADAR 
Kenneth  S.  Gage,  Warner  L.  Ecklund  and  David  A.  Carter 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


1.  INTRODUCTION 


bounL^er  is  SllfoT^ 

....  e„  IndloIS.  » SSrSt'J.WS”  “ *“" 

budget  of  the  free  atmosphere  7 lmPort«it  role  in  the  momentum 

**•  ^“SrissirjEStfs  ‘r<;srti.SLrve~1 

sKJrLss-r  5=*: .rir^ ssL^f 

wm^srnrnm- 

c...  £!£  SLifS  °£ 

ents.  Typical  characteristics  for  convection  waves  (KUETTNER  et  al  19871 
are  wavelengths  of  5-15  km,  and  vertical  motion  amplitude  of T3  msf>'  Thl 

when SVer t ical "wind" shear  **“  9 ^ “d  they  t6nd't0  °ccur 

f avo red* the^f o rma t i on  oflo^ctifn  COndltlo“ 

should  also  be  observable  by  wind-Jrof Uing  Sppler  rad«  Td  rtT  TT 

ci**re“  ***-p>«  - *<£-  « £ srr- the 

2.  THE  VHF  RADAR  LOCATED  NEAR  LIBERAL,  KANSAS 

The  Aeronomy  Laboratory  participated  in  the  Pre-Storm  experiment  hv 
providing  a 50-Mhz  winc.-prof  iling  Doppler  radar.  The  radar  provided  bv  the 

Pre°Storm  F °ry  ^ ^ constructed  for  operation  on  Christmas  Island  The 
Pre-Storm  Experiment  it  the  spring  of  1985  provided  a convenient  test  for  the 
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VHF  radar  b.tora  It  was  .Mpp.d  “ J.i.t-..  »«  tb. 

selecced  for  th,  TO  radar  i.  shovn  ln  Fig»r,  1 1»  « 

town  of  Liberal,  Kansas.  Tbe  50  Mhz  an  Platteville  radar  described 

array  (100  m * 100  ■)  similar  -/^^^ised  of  three  fixed  be-s 
bv  ECKLUND  et  al  (1979).  )ne  , rhp  remaining  two  beams  were  directea 

One  beam  was  directed  " ^"h  ind  eLt  west  planef . Peak  transmitted  power  was 
off- Zenith  in  the  north-: SOUt*o  Jatts  The  pulse  width  was  4 microseconds 
40  kV  and  average  of  600  m. 

which  corresponds  to  a rang 


Figure  1. 


The  VHF  radar  located  near  Liberal, 


Kansas . 


. j the  full  3 -beam 

During  the  Pre-Storm  Experiment  vertical  velocities.  At 

1985 

vertical-only  mode.  It  was  op  & 

for  the  observations  presented  h 


3. 


the  oDseivdbiwu- 

OBSERVATIONS  OF  CONVECTION  WAVES  ON  29  JUNE  1985 

iv  observed  in  multi -height 

ES uH Kt* «— ,a“£S£  . *“.££5— 

regions  of  mountainous  ^"‘Sy^eTMported^  ^^^^r^iberalt^Lsas 
FlatlandtRadar^located  in  cent ral^Unois-  ^^nte^here  should  not  have  been 

influenced.rby^orographically-generated  lee  waves.  ^ ^ ^ 

Multi-height  time  series  of  vertical,  ^^^^ntained  in  Figure  2 
are  sJoL  in  Figure  2 the  radar  for  Je  - - g. 

3K.' --"BrE  ^ 

mences  about  130U  Obi. 
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tropopause  is  locat:ef the^T^f  J**®  troPosPhere-  The 
extending  into  the  lower  strat^phere  A cW  eVid*nCe  °f  the  a<=tivity 
waves  can  be  seen  in  Figure  2 between  1800  and  9nnntel^u°f  quasl_nionochroniatic 

f Cms '» ri  de^alF  ln  Figure  3-  The  waves  achieve  their  mS?Se  WaV®?  are  shoWn  in 
2 ms  » just  after  1900  CST.  While  the  wav»c  «,K  1 maximum  amplitude  of  about 

altitude  there  does  not  appear  to  be  much  nha  how  some  amplitude  variation  with 
waves  have  a period  of  close  to  o l!  P ^ Change  With  altitude . The 

8km.  t0  20  ”lnutea  and  achieve  their  maximum  amplitude 


Vertical  Wind  Velocity 

I 1 I I 


X 2,0ms“* 
(upward) 


6 8 10  12  14  |6 

29  June  1985  ( CST) 

Fig"'.  2.  „„„  wlocltI„ 


4.  SYNOPTIC  SETTING 


CST  sur f ace^bserva tions °at liberal 1 ^Kans as Uindi  °t  d ^ dry  At  0950 
dew  point  temperature  of  48°F  At  1545  t-he  indt<ated  a temperature  of  84°F  and 
99 “F  and  the  dew  point  temperature  ias54‘F  te“P6ratUre  had  risen  to 

10,000  and  20,000  feet.  9 F'  Brolcen  clouds  were  reported  at 
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LIBERAL  ST  RADAR 


Figure  3 . 


Convection  waves  seen  in  multi-height  time  series  of  vertical 
velocities  near  Liberal,  Kansas  during  the  afternoon  of 
29  June  1985. 


synoptic  Th.  srs.*- 

respectively.  * flow  prevails  east  of  the  low  center  in  the  Texas  - 

western  U.S.  Southerly  P weak  rldge  is  located  over  the  Rocky 

Mountain  winds 

clea5lySin  tSfsO^net^o'uT  (M  June,  1800  CSX)  wind  sounding  for  Dodge  City, 
Kansas,  reproduced  in  Figure  6. 

A satellite  photograph  of  vi.ihl.  cloud,  et  23 10  UT  1.  ahoon  in  Figor.  7. 
relatively  free  of  clouds. 
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3 . INTERPRETATION 

on  t 1 qqs  favored  the  development  of  convec- 

The  synoptic  conditions  on  nvxahoma  A well  developed  southerly  flow 

sssr-^s.1 «*-  *■  - 

boundary  layer . 

Radar  observations  of  co"v®Ct^°gT^ERSetraie(1987^.  The  aircraft  samples 
aircraft  observations  reported  by  KUETTNER  et  a 1 ^ of  the  waves . The 
only  one  altitude  but  gives  an  excel  en  P Save  motion  simultaneously  at 

radar  gives  excellent  temporal  resolution  .g  assumed  that  the  aircraft 

many  altitudes,  but  only  at  one  locati  ■ ,enomenon>  it  is  possible  to  draw 
and  radar  are  looking  at  the  same  g nature  of  the  waves  that  are  being 

some  tentative  conclusions  concerning  the  nature 

observed  by  the  radar. 

Since  the  background  wind  changes  with  «£itude^  1^r“c^gHERTONg(1969) 

waves  will  be  Doppler  shifted  as  discuss  , nd.based  observer  waves 

and  GAGE  (1989),  In  the  frame  of  “ference^^  ^ uavelengthi  period  and 

phas^velocity^as0 theyCpropagate  upwards  through  the  region  of  wind  shear. 


ORIGINAL  PAGE 
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*^4'“?  ;«h"s.*sx;rsloni th* 

3*2  where  U is  tha  mean  wind  velocity  and  £ is  th  °Ppler  shifted  by  an  amount 
frequency  I,  r.l.c.d  to  th.  cb.e^f"^  “ *>•  l«rln.lc 


“ * “n 


3-2 


(1) 


preciable^omponen^opposing8^^?^!!!11^  upper‘level  wind  has  an  ap- 
frequency  will  increase  with  Light  If  theT^^  and  the  in^insic 
Brunt -Vaisala  frecuency,  the  vertical  wfvelenvth^??! ic.  fre<luency  approaches  the 
waves  will  become  trapped.  It  would  take  - W^1X  beconie  very  large  and  the 

used  during  the  AIPEX  Experiment  in  ®twork  of  Profilers  such  as  was 

wavelength  and  phase  velocity  of  the  wave/t  *ance  to  measure  the  horizontal 
interpretation  given  here  is  correct  demonstrate  conclusively  that  the 

;h;  by 
Using  a typical  wavelength  of  9 km  and  a wind^1?81?  fre<luency  from  Eq  (1). 

Aw  - 2*U/A  - .0041.3  i Tb»  „k!  ! . a wind  vel°clty  of  6 ms  » , we  find 

minute  period  wave.  Thus,  fron^ET  M ^the"^/?  27Ai  °r  0052s  ‘ for  a 20' 
consistent  with  an  intrinsic  period  ifLbLt  n ? e fretluency  is  0093s  >, 
sounding  at  00  UT  on  30  June  1985  theBrLt ' Fr°m  the  DodSe  City 
tween  the  500  mb  and  250  mb  levels  is  0096s  t 1®  frequency  calculated  be- 

p^:nyf;hT£i 

Ur**  “d  eh,t  th*~  - u"i«  — >«w;yg.«:^  srss  r:L,v„ry 

6 . CONCLUDING  REMARKS 

D-Ppler  radar 

in  the  free  troposphere  that  closely  resemhlec  & pattern  wave  activity 

a KrCrafC  measuren>ents  by  KUETTNER  et  al  (m?}00"";61*1??  Waves  reP°rted  from 
Liberal,  Kansas  on  29  June  1985  favored  the  f Synoptic  conditions  near 
result  of  strong  surface  heating LTcLsIlLh?! °\f  ?°nVection  waves  as  a 
planetary  boundary  layer.  An  analysis  of  the  vertical  wind  shear  above  the 
supports  the  idea  chat  the  waves  obseLeJ  on th  ***"<  °f  29  June  1985  als° 
troposphere  owing  to  the  influence  of  the  backgroun^winrshear  *******  ^ 

tion  waves  and  complement^^earlifrLircraf^^  Sh°W  I**  presence  of  convec- 
respects.  While  we  have  made  no  attLL  h observations  in  several 
occurrence  of  convection  waves  vertical  vll*  €xamine  the  frequency  of 
profiling  Doppler  radars  should  be  willLuiterf  fY  measure“ents  from  wind- 
statistics  of  convection  waves  at  anv  criven  1 assessing  occurrence 

three  or  more  radars  could  be  used  to  determine^he"'  ^rthe™°re,  networks  of 
velocity  of  the  waves  by  techniouec  a.*:?  the  wavelength  and  phase 
studies  should  determine  the ^?nfluence o^coL et  al  (1989).  Future 
budget  of  the  lower  atmosphere.  ° °n  waves  on  the  momentum 
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INTERCOMPARISON 


AND  CALIBRATION  OF  WIND  AND  WAVE  MEASUREMENTS 
VARIOUS  FREQUENCIES 


AT 


Marvin  A.  Geller 

Laboratory  for  Atmospheres 
NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland,  20771  U.S.A. 


reported  by  181  were 

vening  yea?s,  thTgrsat  Durin«  the  i"ter- 

passagenof  Umrhasrbrough?eZut°bVJ°US  atLspSJic^o^^ty^The 

its  early  years  when  its  mission  was  ^n®forma^ion  in  the  MST  community  from 
to  the  present  time  when  its  activities  Value  °f  the  technique 

questions  about  errors  in  the  terhnirmo  u toward  asking  difficult 

measurements  made  by  other  techniaues  anr^ho^h  mfafUrements  comPare  with 
for  scientific  studies.  ^ ' how  besfc  to  utilize  MST  measurements 


being  dealtPiith°byethe  iSl^munity^ThrsMsiof  i^com636  T?1  i33Ues 

measurements  K S?JS  ZZuni^  >*1  ^ “tSSTiSt 

measurements  of  holdontal wSTSS  f lnteract  with  the  stellite 
the  Upper  Atmosphere  Research  Satellited  ?99?me  aVallable  wlth  the  laun<=h  of 
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TRIANGLE  SIZE  EFFECT  IN  SPACED  ANTENNA  WIND  MEASUREMENTS 
G.E.  Meek 


Institute  of  Space  and  Atmospheric  Studies 
University  of  Saskatchewan,  Saskatoon,  Canada 

Abstract:  A formula  for  the  "triangle  size  effect"  (the  finding  of  lower 
velocities  from  smaller  antenna  spacings)  is  derived  for  a one-dimensional 
pattern  on  the  assumption  that  noise  level  is  the  critical  factor.  Experi- 
mental data  from  two  arrays,  each  with  two  available  spacings,  is  shown  to 

support  this  assumption. 

INTRODUCTION 

The  spaced  antenna  method  involves  cross  and  auto  correlations  of 
echo  amplitude  sequences  measured  on  antennas  separated  by  distances  of 
the  order  of  one  radio  wavelength.  Usually  these  are  assumed  to  be  Gaussian 
for  theoretical  development  of  analyses  to  find  the  mean  velocity  of  the 
ground  diffraction  pattern.  The  FCA  model  (BRIGGS,  1968)  accounts  for  a 
two  dimensional  spatial  diffraction  pattern  and  pattern  decay  with  time. 

The  theory  assumes  that  the  only  reason  for  a drop  in  correlation  is  a 
time  delay  or  spatial  separation  between  measurements.  Not  accounted  for 
are  multiple  motions  in  the  same  pattern  or  random  noise  - atmospheric  or 
measurement  (e.g.  digitization).  This  paper  is  concerned  with  the  latter. 

COLLEY  and  ROSSITER  (1970)  presented  a comparison  between  wind  values 
measured  with  various  antenna  arrays,  finding  that  the  FCA  velocity  tended 
to  increase  with  array  size,  approaching  a limiting  value  which  agreed  with 
the  spatial  pattern  shift  in  time  found  on  their  large  array.  They 
suggested  random  noise  as  a possible  cause  for  this  variation  - that  is 
noise  has  a greater  reducing  effect  on  calculated  velocity  when  correla- 
tions axe  high  ( as  with  small  spacings).  Some  numerical  simulations  (1-D 
spatial  pattern  assumption)  were  later  done  by  CHANDRA  (1978)  with  the 
same  conclusions. 

The  present  paper  derives  an  equation  for  the  noise-dependent  reduc- 
tion in  FCA  velocity  for  the  1-D  case,  and  tests  it  experimentally. 

1 -DIMENSIONAL  THEORY 

Figure  1 illustrates  correlation  functions  which  would  be  measured 
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Flgm-e  1.  Illustration  of  the  effect  of  noise  on  the  auto 
and  cross  correlations  for  different  antenna 
spacings.  The  dashed  lines  show  the  "noisy"  case 
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at  two  receiver  spacings  for  no-noise  and  noisy  data  when  a moving,  decay- 
ing pattern  is  present.  The  fractional  reduction  in  peak  correlation  due 
to  noise  is  termed  the  "noise  factor",  HP.  The  slgnal-to-nolse,  S/N(power) 
is  given  by  NF/(l-NF). 

In  the  no-noise  case,  the  correlation  function  is  assumed  to  be 


Gaussian : 


P(D,t) 


(1) 


where  D is  the  receiver  spacing,  V is  the"true"  velocity  of  the  ground 
pattern  (i.e.  it  is  the  result  of  correcting  the  apparent  velocity, 

V = D/t  , for  effects  of  pattern  decay  which  shift  the  measured  lag  for 
peak  correlation  closer  to  zero-lag),  A is  the  pattern  scale,  and  C is  the 
characteristic  time  (or  decay  time)  in  the  pattern  - both  evaluated  at 
P=  0.61.  The  width  of  the  auto-correlation  (i.e.  from  (l)  with  D=0  ) is 

t2  - • (2) 

a v2  ^ _1_ 


The  lag  for  peak  cross  correlation  is 

DV 


max 


V2  + A2 


(3) 


and  the  peak 

-2 


value  of  cross  correlation  is  given  by 

2 

ln(fmax^  2 /V2  + A^\ 

C ( c2; 


(4) 


In  analysis,  t.  t^,  and  are  the  measured  parameters  (note  that 

ta  is  the  same  for  any  receiver  spacing).  The  pattern  parameters  are  solved 
from  these  by  the  following  set  of  equations. 

.2  D2 (5) 

A = 2 

'2  ln(  Pmax)  + ^ 

\r 


t (-2  InP 

max^  In 


max 


max 


+ 1 ) 


(6) 
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-2  H 


2 2 

.t  + t 

max  a max 


-2  In 


fm 


(7) 


Now  suppose  the  record  is  noisy,  with  noise  factor  e~A  , and  assume 
that  ta  is  not  affected,  (in  practice  it  is,  but  when  comparing  large  and 
small  spacings,  both  will  have  the  same  ta<)  Then  the  pattern  parameters 


is  replaced  by 


, a.  ' 

can  be  found  from  equations  (5)  to  (7)  when  inP 
10  . . 'max 

lmax'A  ’ and  after  some  Pa6es  °f  manipulation,  the  ratio  of  non-noise 
to  noisy  parameters  can  be  found: 


TT  = 1 + 


2 A A" 


(8) 


A 

c 

A2 

C2 

0 

C2 


1 + 


2 & A" 


1 + 


2 2 
2AG  V 
o o 

2 A A2  + D2 
o 


(9) 

(10) 


All  ratios  are  seen  to  be  greater  than  1.  Thus  the  pattern  scale,  "true" 
speed,  and  characteristic  time  are  always  less  for  the  noisy  case,  and 
also  the  effect  is  greater  for  smaller  receiver  spacings. 


QUALITATIVE  EXPERIMEffTAL  TEST 

Two  arrays  have  been  used.  Each  consists  of  an  equilateral  array  of 
antennas  with  a fourth  placed  in  the  centre  of  the  triangle,  so  that  large 
(outer  antennas)  and  small  (centre  compared  with  each  outer)  spacings  are 
available  in  each  array.  For  the  "loop"  array  these  are  116.?  m and  67.5  m 
(0.5  X),  and  for  the  "main  array"  they  are  270  m (2>v)  and  156  m.  ( In  the 
case  of  the  main  array,  the  centre  is  a single  dipole  while  the  outer 
antennas  are  pairs  of  parallel  dipoles  spaced  at  |)vand  connected  in  par- 
allel - so  the  noise  level  could  be  different  in  large  and  small  spacings 

if  interference  is  a problem  - as  opposed  to  digitization  noise  for  ex- 
ample, ) 

Approximately  2 nr  of  data  have  been  recorded  on  each  array.  Each 
record  was  3.6  min  length.  In  the  analysis,  correlations  were  calculated  to 
the  same  maximum  lag.  In  order  that  the  noise  level  not  change  with 
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, . a vpt acinsc  was  done,  but  the  data 

different  antenna  separation,  no  spacing 

, , +n  fflve  greater  maximum  lag  times  for  tne  rarg 
spacing  wan  v»lad  g ^ ^ ^ Every  -UW  *»»* 

(tn,  sane  nunb.r  of  g points),  every  second  point  for  the 

'"plolngs  CIO  point.)  aid  every  third  for  the  Urge  (270  points), 
two  medium  spacing  ( (198o).  ^ ^ dlscaided  if  either 

The  analysis  “8  5 falled.  m heights  (60-110  Km)  are 

the  large  Pa  ^ for  „ch  spacing  and  for  large 

lumped  together  in  tne  res  . f both  in  the  same 

, ,mall  s -pacings  (when  the  analysis  was  successful  for 
and  snail  spacing  1 ^ ^ the  ^l5  assu.es  a 2-0  pattern. 

record)  are  shown  gur  rr.  ^1.  A and  B are  the  major 

th,  "1-D"  pattern  sol.  is  esti.at-  by  JS  . ^ ^ ^ ^ ^ „„ 

and  minor  axes.  This  is  not  *g  & ^ ^tem  led  to  at  least  5 M 

since  efforts  to  re  an  yse  effects  expected  from  theory  - 

failure  in  analysis.  The  figure  shows  the  effects  P 

viz.  smaller  spacings  show  smaller  ^ pattern  scale,  data  were 

PC  see  whether  th.  “ Idian,  of  th,  resulting 

«-  " wrT  ” r:  — — *• 

r::;L:r;;Th.,  .nouid  b,  ^ - — 

conclusions  cannot  be  drawn.) 

TABLE  1.  Medians  of  pattern  paramter  ratios  after  separation 
-I  3 naH.prn  scfl.16 


+h  . lt  can  be  seen  that  large  versus  small  spacing  effects 

Z- — «•*  - - — the  10°p 


MAirf  Ajuwr 


2(a) 


2(b) 


— gUre  2.-  Histograms  of  pattern  parameters  for  th  i 

spacings  of  loop  (2a)  and  main  CPbl  th  large  and  small 
small-to-large  ^ci„g  of’S  “l 
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array. 


The  latter  finding  is  puzzling. 


QUANTITATIVE  TEST 

A test  is  required  which  doesn't  use  VQ,  Aq,  or  CQ.  The  first  obvious 
choise  is  to  use  the  large  (L)  and  small  (S)  pattern  scales  to  solve  for 
A and  Aq.  This  is  done  by  taking  the  difference  of  equation  (9)  for  large 

and  small  s pacings: 


do 


d: 


Dr 


Since  D„  and  D,  are  known,  and  A$  and  A,  come  from  the  FCA.  the  noise  para- 
meter  L can  be  found.  Again  note  that  this  noise  parameter  is  only  good 
for  the  present  large  versus  small  spacing  test  - it  is  not  the  real  noise 
because  noise  effects  on  t&  have  not  been  considered  (and  these  will  depen 
on  the  type  of  numerical  analysis  done  to  find  t&) . Then  Aq  can  be  f 
from  (9),  again  with  the  above  caveat,  and  then  VS/VL  from  equation 


1 * ^AA^  /D2 
1 + 2AA^  /d| 


(12) 


( In  some  cases,  possibly  due  to  statistical  scatter  or  the  fact  that  /AB 
is  not  an  accurate  estimate  of  the  1-D  pattern  scale,  Ag  is  greater  than  AL 

- i.e.  noise  factor  >1.  This  is  theoretically  impossible,  however  these 
data  are  retained  for  the  plot.) 

This  predicted  value  of  speed  ratio  is  compared  with  the  measured 
ratio  in  Figure  3-  The  loop  data  agree  well  with  the  theory,  but  the  main 
array  data  are  skewed  - the  predicted  speed  ratio  is  somewhat  less  than  the 
measured.  A possible  reason  for  this  is  that  the  centre  antenna  in  the  main 
array  - which  is  not  used  for  the  large  spacing,  is  a single  dipole  and 
thus  more  susceptible  to  noise.  This  means  in  terms  of  the  predicted  ratio 
that  the  pattern  scale  A will  be  smaller  than  expected  from  spacing  con- 
siderations alone,  and  look  as  though  it  were  measured  with  an  even  smaller 
Ds.  Thus  the  predicted  ratio,  found  from  (12)  will  be  smaller  than  expected 
- and  this  is  shown  by  the  scatter  plot. 


CONCLUSIONS 

The  triangle  size  effect  seen  at  Saskatoon  can  be  explained  as  a 
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3(a) 


3(b) 


Figure^  Scatter  p lots  of  predicted  (based  on  antenna  spacing  and  measured 

rl0Clty  raUb  =“U/lare.Psp,cLg,  f“ 

‘ (3  ) rrays  against  measured  velocity  ratio  The 

medians  are  shown  by  diagonal  dashed  lines.  7 


result  of  random  noise  in  the  data.  In  theory  it  is  simple  to  correct  the 
data  for  noise  - simply  divide  all  the  correlations  by  the  noise  factor, 
NF,  before  analysis,  or  re-work  the  FGA  parameters  backwards  and  forwards 
putting  in  the  noise  correction  if  it  is  known;  but  in  practice  an  accur- 
ate value  of  NF  is  sometimes  difficult  to  determine  (particularly  in  cases 
where  the  auto-correLation  is  narrow);  and  when  the  peak  cross  correlation: 

are  high  to  begin  with,  correction  often  leads  to  spurious  or  impossible 
FCA  results. 
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gravity  wave  oscillations  as  a cause  of 

SPECTRAL  BROADENING 
W.K.  Hocking 

Si6„,l  fading  of  echoes  S^Yt^e  ^ 

occurs  due  to  variety  of  reas  . ’ atterers  through  the  beam,  which 

generally  the  horizontal  mean  motion  of  (beL-broadening)  . 

broadens  the  spectrum  of  the  sig  . uind-shears  and  also  due  to  the 

Other  lesser  By cS£l££  and  separating  out 

fluctuating  velocities  of  the  scatterers  y nossible  to  make  an 

the  beam-  and  wind-shear-broadened  contributions  it  i P ^ scatterers , 

estimate  of  the  Root-mean-square  fluctuating  velocity  rms  h ffects 

and  this  is  often  ascribed  to  turbulence.  However,  intenslties  it 

aT-Sr-e 

still  contribute  to  vRHS  if  the  wave  amplitude  is  more  than  a few  m 

Such  oscillations  will  produce  not  only  a broadening  “bi^  Jncrease^as^ 
function  of  data  length,  c-als^lead  „f  gravity 

wav^oscillations8 and  turbulence  in 

and° thet"var iat ion6 of^th^ spec trai°width  ” a function  of  data  length  is  derived 
analytically . 

If  a wave  of  period  T is  sampled  for  a length  of  ti me  r, .the^th velocity 
variance  which  results  is  dependent  on  r.  If  r is  le  the 

variance  is  less  than  the  -Unc.^hich  period  r, 

wave  had  been  us  . broadened  by  an  amount  depending  on  the 

then  the  spectrum  recorded  will  course  the  value  of  the  variance 

over  all  phases. 

Consider  the  redial  velocity  fluctuation  being  observed  by  the  radar  to  be 

„f  th rr:  * . *>.  -.rr^s^uy 

STM „ 2 of'velocities  observed  by  the 

radar  is 


J P(V)  ,v2dv  - [ f P(v)  .V  dv]2 


(1) 


rYSTt^Tdr^in^^ 

interval  between  0 and  r. 

The  form  of  the  probability  distribution  function  P(v)  of  the  velocity 
fluctuations  is  given  by 


402 


P(v)  - n/r  dt/dv 


n 

r 


WV0  cos(ut  + <f>) 


Here^n/th^  Tw  °"  **  Values  covered  durin6  the  time  interval  r. 

the  m!  f of  occasions  when  the  wave  has  a radial  velocity  of  v 

he  time  interval  between  0 and  r . For  example,  if  r - T,  then  n-2  as  there 
are  2 occasions  when  a velocity  v occurs  in  each  wave  cycle.  In  this  case 


in 


P(v) 


wh^ch6Xa?^^e  sboVT1  ^iS-  1-  Note  the  biraodal  nature  of  the  distribution 
1 haaruS6S  becauS€  the  wave  spends  a relatively  large  fraction  of  the  time 
around  the  maximum  snd  minimum  velocities  and  passes  through  rh 

- 0 Experimental  spectra  of^iTlZ  s^fbf  e S dTf^hl 

spectra  are  being  used  to  determine  turbulent  energy  dissipation  rites  since 

noted^hat  if  both  t6  t0  hlgh  frequency  8ravity  waves.  It  should  also  be 
noted  that  if  both  turbulence  and  such  wave  activity  co-exist  thp  i 

spectrum  will  be  convolved  with  that  due  to  the  gravitj  waif’and  this  “ n 

erefore  partly  or  even  completely  mask  the  bimodal  character. 

The  variance  of  the  velocity  fluctuations  is  most  easily  calculated  as 

T r 


Vf 


“ f v2d;/r  - [ f v dt/r ] 2 


t-0 


t-0 


(2) 


" 1/r 


• / 
t-0 


sin2  (cot  + 4)  . dt 


- [1/r  . J v0  sin  (cot  + <f>)  dt  ] 2 
t-0 


(3) 


express ionWfor°P(*vl  77  ^ °Urselves  wlth  the  f^tor  n seen  in  our 

interval  **7  ’ Ilf6  We  n°W  d°  the  inCagral  over  time  and  so  each 

occurs  Several  t^rsf1115  7 COnCerned  that  the  same  velocity 

occurs  several  times,  since  by  integrating  over  t we  cover  all  velocities  The 

terms  oT^  C°  for  S”' ^ 


A more  important  parameter  than  a2 
over  all  phases  <j>.  Then  vr 


is  the  mean  variance  <azvT>  averaged 


<<7 2 > 

vr 


2n 

I 

4-0 


64 

vr  ’ 2n 


Evaluating  (3)  ard  substituting  into  (4)  shows  that 


(4) 


<a 


2 > 
vr 


F.  v20/2 


(5) 


where  v2 
integral 


o/2  is  of  course  the  variance  of  the  wave  had  it  been 
number  of  periods,  and 


sampled  for  an 
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'4si  "na‘ 

to  0 as  r tends  to  0.  The  functional  form  of  F is  plot 

«.  - — « ■*?,  n ;ri £ ^ rsir^sr.isi.*^ 

is  used,  then  F - 0.33.while  if  r data  lengths  (e.g.  100s 

two  is  0.38.  By  recording  p soectral  widths  recorded  using  each 

and  200s)  and  measuring  t e ra  beam  and  shear  broadening),  it  is 

different  data  length  (after  remo  estimate  the  relative 

;r,futotr.«d  b,  HOCKING . 198. ; «,r.  .opbl.tlo.b.d 
applications  can  and  should  be  developed. 
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(1  - COS 


<^f)> 


(6) 


is  also 


Fig.  1.  Probability  density  junction  - ^ ^ wave  shape 

radar  if  the  radar  observes  over  £e  recorde(J  by  thc  radar.  Even  if 

representative  of  the  sPeC^r^  ” full  cycle,  similar  bimodal  shapes  can 
the  radar  observes  for  less  than  a full  cyci 


result . 

Fig.  2.  Mean  squared 
fluctuating  velocity 
measured  when  sampling 
the  velocity  fluctuations 
of  a gravity  wave  of 
period  T for  a sampling 
time  r,  relative  to  the 
actual  mean  squared 
fluctuating  velocity  of 
the  wave  (and  averaged 
over  all  possible 
phases) . 
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MF  RADAR  INTERFEROMETER  MEASUREMENTS  OF  METEOR  TRAIL  MOTIONS 

C.E.  Meek  and  A.H.  Manson 

Institute  of  Space  and  Atmospheric  Studies 
University  of  Saskatchewan,  Saskatoon,  Canada 

2T.Z  Tr:  rlvi1  “4  Doppiet  ,eio°ity  °f  ■•t'“ ™ 

urea  with  a medium  frequency  radar  C?  ?io  M-jr.)  j 

y v.k.219  MHz)  and  compared  with  spaced 

ntenna,  correlation  analysis,  winds. 

INTRODUCTION 

Recent  statistical  work  on  MF  meteor  trail  echoes  has  been  done  by 
0LLS«-smL  and  ILFORD  (1987).  Td.lr  int.rdst  „aa  1«  out3  J 

W n measurements.  Previous  comparisons  of  interferometer  and  ground  dif- 
fraction pattern  motions  on  ionospheric  echoes  havP  a 

MANSON  ( 1 M rw  " d°ne  by  MEEK  and 

( 98?a, b).  The  general  result  was  that  the  full  correlation  type 

the  ft  J e'S‘  BRKGS’  1968)  ^ " SmaUer  V6lOCity  -ti-at.  than 

l ‘r;rf— ihs  -1”  »«*> «» idt.rt„„..ter  ls  that  lt  Is 

J!”  a n ^ 'he  selected  "scatterers"  were  isolated  physical  scatter- 

glints  r63  T al°ng  ^ the  Wlnd'  °r  Perh^S  -ving 

glints  on  a reflecting  layer.  By  definition,  a meteor  trail  is  a physical 

entity,  and  should  produce  a good  wind  estimate.  The  best  time  to  observe 

me  eor  trails  is  at  night,  when  the  "ionospheric  clutter"  is  small-  of 

course  this  is  the  worst  time  to  do  FGA  measurements,  but  over  long  periods 

and  assuming  that  tidal  motions  predominate,  a reasonable  comparison  should 

possible  between  "mean  daily  variations"  from  the  two  systems 

During  operation  of  the  meteor  trail  system,  an  improved  rell  time 

wind  (COHRTW)  system  was  installed  which  employs  coherent  integration 

and  complex  correlation  in  the  FCA  ui+h  +hQ  n . . 

n tne  With  the  resulting  increased  S/N 

direct  comparisons  with  single  trails  are  feasible. 

METEOR  TRAIL  EQUIPMIUT 

The  MF  transmitting  system  is  the  same  for  both  experiments:  50  KW 
power,  20  psec  pulse  width(  3 Km  resolution),  60Hz  PRF,  a vertically 
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pointing  4x4  array  of  folded  half-wave  dipoles  with  half-power  at  *22 
zenith,  operating  at  2.219  MHz. 

In  the  spaced  receiver  FCA,  echoes  are  normally  assumed  to  come  from 
near  the  zenith  - and  the  chosen  spacing  of  the  antennas  is  based  on  ex- 
pected motions  of  the  ground  pattern.  Meteor  trails,  on  the  other  hand,  can 
be  seen  at  almost  any  zenith  angle  - especially  at  night  when  the  iono- 
sphere is  weak  and  despite  the  relatively  narrow  transmitter  antenna  beam. 
Angle  of  arrival  (AOA)  measurements  require  closely  spaced  antennas  to 
avoid  phase  ambiguities.  This  spacing  in  the  normal  folded  dipole  receiver 
arrays  would  exhibit  unacceptable  coupling.  Thus  a loop  (shielded,  1.5  m 
diam.)  array  was  used  (Figure  l):  the  outer  loops  are  | wavelength  (67m) 
from  the  centre  loop,  and  form  an 
equilateral  triangle  - so  AOA  can 
be  measured  down  to  the  horizon 
without  ambiguity.  The  advantage  of 
the  "Y"  arrangement  is  that  3 in- 
dependent phase  differences  are 
available  for  a plane-phase-front 
(i.e,  single  scatterer)  test.  The 
measured  loop-pair  isolation  is  better 
than  90  dB.  However  the  loops  exhibit 
a measured  sacrifice  of  40  dB  in  gain 
and  25  dB  in  signal-to-noise  (S/N). 

The  night-time  ionospheric  MF  noise  level  is  also  at  least  20  dB  higher, 
so  the  loss  of  S/N  in  the  equipment  is  not  as  serious  as  it  first  appears. 

A 40  dB  pre-amp  is  located  at  each  loop.  Calibrations  must  be  done  fre- 
quently to  monitor  possible  unequal  temperature  induced  shifts  in  phase 

between  pre-amps. 

OPERATION 

A single  coherent  receiver  is  cycled  around  the  four  loops,  pausing  at 
each  for  coherent  integration:  8,  4,  and  6 pulse  integration  were  used  at 
various  times.  16  heights  (ranges)  are  monitored  ( 85-130  Km).  The  average 
amplitudes  are  stored  continually  according  to  a rotating  memory  pointer 
( 128  point  sequences).  The  Apple  II  which  runs  the  system  picks  out  meteor 
trails  strictly  on  dead  time/rise  time  at  each  range  gate  - 


that  is 
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there  must  be  a period  (v> 8 sec)  with  the  signal  below  a threshold  T1 
followed  by  a jump  to  a level  above  T2  (v*8  dB)  within  one  antenna  cycle 
time  ( v>  0.4  sec),  End  it  must  stay  above  T1  for  more  thanv>4  sec.  ( The 
exact  times  vary  a little  depending  on  the  amount  of  integration  used.) 

The  trails  are  monitored  until  they  fill  the  available  storage,  or  end,  at 
which  time  the  (integrated)  amplitude  sequences  are  dumped  to  tape.  Re- 
ceiver gain  is  constant  for  each  transmitted  pulse,  and  controlled  in  the 
long  term  so  that  most  range  gates  have  signals  below  Tl.  This  trail 
selection  method  is  very  similar  to  that  of  Ollson-Steel  and  Elford.  Two 
sample  trails  are  shown  in  Figure  2. 


112Kja  ll‘>Kra  ll8Km 


118Km  121Km  124Km  127Km 


Two  sample  trails  (8  pulse  coherent  integration);  a selected 
subset  of  range  gates  is  plotted.  Only  those  heights  showing 
the  required  dead/rise  time  are  analysed  further. 


PHASE  CALIBRATION 


Phase  calibration  is  the  critical  part  of  the  experiment.  Initial 
attempts  to  find  trails  on  all-sky  film  failed,  so  the  method  presently  in 
use  is  to  run  the  system  on  ionospheric  echoes  in  the  daytime.  In  the  long 
term,  most  echoes  should  come  from  the  zenith.  Histograms  were  plotted  for 
phase  differences  foond  from  pairs  of  antenna  cycles  weighted  in  such  a way 
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« to  eliminate  Doppler  shifts  (These  would  not  he  • problem  if  there  -ere 
receiver  per  antenna.).  Unfortunately  the  histosra..  (not  shown)  »r. 

” Sharply  pea*.*.  «*  there  is  some  variation  i„  calibration  on  differ,,* 
days  5-10“  in  peak  location  (-3°  In  s.nith)  is  the  best  accuracy  that  can 
J„pLd  thls  method  ^ — 

r.:i  r;ri  ..  **  .rr:r 

(Quadrantids)  with  the  predicted  locus  of  li„.s-of-sieht  P.rp»„d  aula,  « 

- - - r,  r: 

irznra^t  - - 

+ r>  "finp  tune1'  the  phase  corrections. 
t0°  rrrethod  being  tried  U airplane  tracking.  ~ 

eight  velocities  are  usually  near  the  system  limit  (integrate^ L «mpUt 
rate)  for  Doppler  phase  wrap-around,  and  they  can  disappear  in 

clutter . 


““S  trail,  are  divided  1*0*6  e.o  segments.  Two  types  of  analysis 

were  tried.  In  method  "A"  a parabolic  function  is  fitted  to  the  mean  com 

plex  auto-correlation  phase  over  the  first  two  lags  to  - acc^a 

lone  at  zero  lag  for  calculating  Doppler  velocity.  If  the  ph 
phase  slope  » * the  first  and  second  lags,  the  data 

"rdr—  u — - r:r9rr“' 

e„t  Dopplers.).  If  the  phase  * the the  lame  Sign 
second  lag  phase  is  "unwrapped  to  a value  bey 

,hp  first  lag,  and  then  the  above  criterion  is  app  • 

“ The  -s.ro  lag"  or*,  correlation  phases  are  then  found  and  corrected 

• a fa  Since  there  are  cycling  delays  between  antennas, 
from  the  calibration  data  S nee  th^  ^ normalized  phase  discrep- 

a Doppler  correction  must  als  the  three  phase  differences 

ancy  ([,pD)  is  values  taken  as  a positive  number.  A 

divided  by  the  sum  of  the  _ Qnly  Qne  a0A  present  in  the 

are  rejected  (-70%  significance  criterion) 

S ! rt  of  an  A0A  to  the  data  is  done  which  minimizes  the  squared 

“fences  (is  an  aside,  ~ the  »ray  can  me—  » 
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caT^0tlhefh0riZ011’  ^ ^ 0M  ^ CaS6S  in  HhlCh  th^0Acanrot  be 

calculated  from  3 phase  differences  - even  if  NPD=0  a ^ 

example,  is  0°,  -180°  +180°  , h-  h °aSe’  f°r 

on  the  ho  ' \ ’ 6 scatterer  «U3t  be  simultaneously 

horizon  in  two  antenna  pair  directions.  There  were  two  such  cases  in 

he  long  term  data.  These  could  have  been  caused  by  calibration  error,  or 
y s a stical  fluctuations  in  the  phase  differences.). 

istics^^Tt  T r"  PreSentSd  lat6r  ^ the  f0ll°Win6  Pr°CeSsi^  *at- 

• 3 traUS  (aV6rase  °f  !9  P«  night)  giving  1356  original  trail 

segments,  of  which  there  were  291  rejected  or  nha 

ith  00%.  ki  1 ejected  or.  phase  curvature,  20?  on  zen- 

“d  230  “ NPO0.3,  leaving  628  for  „Ind  lB_ 

*o  i.  the  same  as  -»••  except  that  ^ flm  ■ 

Phase  ts  used  to  define  D.ppl,r  „a  correct  th.  ^ 

*“  ™ rejected  If  the  first  lag  aoto  ^ 

^ grea  er  than  90  . The  latter  criterion  effectively  eliminates  high 

IT  °fT  b“l  ,J,e  ““  15  40  *">“  **»  in 

A0A  during  Doppler  correction  of  the  cross  phases 

v,rJ  ZTy  the  results  tr”  sw,ts  °f  th«  ““ 

At  least  2 trails  at  different  azimuths  are  needed  to  calculate  a 
horizontal  velocity  vector  (the  vertical  velocity  Is  assumed  to  be  zero 

abo"T  7 b“  “ C“  be  f“d  lf  »«*use  «<■  doubt. 

phase  calibration , zenith  angle,  less  than  10°  are  rejected.  For 

GXT  77  ” th”  PdeS"‘  C°,pirls“  “»  ‘mu  d»ta  are  separate  Into 
1 h°“  bj“  »d  * '1*  -iS-it  bins  (the  height  Is  found  fro.  th,  ,0A  and 

g.  and  includes  the  curvature  of  th.  earth).  Then  a fit  of  a horizontal 

7“  V“t0r'  “hl‘b  ‘he  in  Doppler  velocity,  ls 

It  is  assured  implicitly  that  there  1=  no  Ionosphere  at  night, 
the  ray  paths  are  straight. 


VELOCITY  COMPARISON 

Figure  3 compares  the  meteor  and  RTW  (real  time  wind  system  -F^roRv 

et  al.,1979:  MEEK,198J)  velocities  Th*  m * , RY 

’ y J1  ve^ities.  The  meteor  values  are  a single  -’it  to 

e se  ectea  trail  da;a  over  the  month  Dec  ?*8?  to  Jan  11*88.  The  minimum/ 
number  of  accepted  trail  segment,  m hour  .as  9/38  (sons  c- 
"hl°h  “y  “»  ‘nail).  The  ,T»  value,  are  found  hy  averaging 
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all  the  values  in  each  GMT 
hour  - typically  150-250 
values  per  GMT  hour  in  the 
month  for  the  height  layer 
100-109  Km.  RTW  daytime  values 
at  T+12h  are  also  plotted  to 
identify  any  noise  bias  (lower 
velocities)  at  night.  A noise 
bias  is  not  evident  - the  dif- 
ference exhibited  is  probably 
due  to  the  24  hr  tide. 

The  meteor  "A"  analysis 
seems  to  produce  a better  be- 
haved value  than  the  "Bn  (the 
number  of  trail  segments  used  in 
each  are  similar),  but  shows  an 
unusually  strong  background  com- 
ponent of  approximately  20  m/s 
southward  and  westward,  where- 
as the  "B"  value  is  closer  to 
zero.  The  "B"  analysis  agrees 


GMT  HOUR 


quite  well  with  the  RTW  in  tidal 
amplitude  (talcing  maximum  to 
minimum  wind  spread) , but  is  noisy. 


Long  term  comparison  of 
meteor  and  spaced  ant- 
enna (FCA)  winds.  Local 
midnight  is  near  07  GMT 


The  mean  background  wind  of  v\10 

m/s  is  reasonable  (GROVES, 1972;  MANS0N  et  al.,1987).  It  is  possible  that 
the  "B"  magnitude  is  smaller  than  "A"  because  of  the  rejection  of  high 
Doppler  velocities  (phase  wrap-around)  in  "B",  but  in  theory,  if  the 
meteor  trail  data  were  accurate,  there  should  be  no  difference. 

The  20  m/s  offset  in  meteor  background  wind  would  be  hard  to  explain 
by  phase  calibration  errors  if  the  trails  were  uniformly  distributed  in 
azimuth  - that  is  low  Doppler  shifts  on  one  side  of  the  zenith  (due  to 
errors  in  identifying  the  zenith)  would  "cancel"  the  effect  of  high  shifts 
in  the  other  side  - but  the  trails  are  not  uniformly  distributed. 


Figure  4. 
the  first  acce 


Shows  the  distribution  (all  heights  combined)  of  AOA's  for 
pted  segment  in  each  trail.  Thus  it  appears  that  phase  cal- 
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ibration  errors  could  have  a strong  effect  on  the  calculated  winds 


— ^ure  — Distribution  of  trails  in  azimuth  for  Dec  7’87  to 

Jan  11'87  by  analysis  "A".  Trails  at  all  heights  are 
included.  The  outer  circle  represents  30  different 
trails.  The  number  at  1 5 GMT  (l  hour)  has  been  doubled 
before  plotting.  Zenith  angles  <10°  are  not  included. 


DIRECT  COMPARISON  OF  METHODS 

The  coherent  re, a time  wind  system  (COHRTW)  was  put  into  operation 
In  June  1988.  As  with  the  RTW  system,  this  does  5 min  analyses  for  winds, 
but  has  one  receiver  per  antenna  and  does  32  point  integration  at  night 
( 60  Hz  transmitter  FRF).  At  this  rate  there  is  a possibility  of  seeing 
multiple  hop  echoes,  but  since  the  separate  pulses  are  not  phase  locked, 
these  signals  should  cancel  to  a large  extent.  The  increase  in  data  is 
considerable  (see  separate  paper  in  these  proceedings)  which  allows  some 
direct  comparisons.  However  examination  of  daytime  data  shows  that  COHRTW 
velocities  are  some  ZO-JOfo  smaller  than  RTW  values  on  the  average  (for  as 
yet  unknown  reasons). 

Figure  5 shows  cne  direct  meteor-COHRTW  comparison.  These  data  are  for 
2 hr  on  May  29*88  for  a layer  100-106  Km.  The  location  of  trails  are  plotted 
as  the  origin  of  a vector  representing  the  calculated  horizontal  velocity 
component  (assuming  zero  vertical  velocity).  Also  plotted  are  the  results 
of  a 2-D  (no  vertical  velocity)  and  a 3-D  fit  to  these  8 trail  segments  (2 
of  which  are  from  the  same  trail).  The  large  difference  in  speeds  is  due 
to  the  fact  that  all  trails  are  on  one  side  of  the  zenith.  The  end  points 
of  the  5-min  COHRTW  vectors  are  shown  by  X (1025-1120  GMT)  and  0 (1125- 
1215  oMT).  There  is  fiir  agreement  between  the  two:  a 30°  difference  in 
direction,  which  could  be  due  to  the  "bunching"  of  the  trails  on  one  side 

of  the  zenith,  and  30:5  in  speed,  possibly  due  to  the  mentioned  speed  bias 
in  COHRTW  data. 
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N 


Figure  5.  Direct  comparison  between  spaced  antenna  wind  analysis 
(FCA-COHRTW)  and  meteor  trails  over  a 2 hr  period  on 
May  29 1 88 . 


CONCLUSIONS 

The  long  term  meteor  data  shows  a tidal  oscillation,  which  means  that 
the  system  is  measuring  winds.  A major  drawback  is  that  there  are  few 
trails,  and  those  which  are  measured  are  not  uniformly  distributed  in  az- 
imuth. Nothing  can  be  done  about  the  latter  problem-  the  ecliptic  is  not 
going  to  move,  but  6 dB  more  sensitivity  could  be  attained  with  a separate 
receiver  for  each  loop.  An  increase  in  transmitter  FRF  is  not  practical  at 
this  time.  Other  improvements  would  include  better  gain  control  (a  separ- 
ate gain  for  each  range  gate)  and  well  engineered  loops  and  pre-amps  to 
reduce  the  system  noise  level. 


REFERENCES 

Briggs,  B.H. 

Groves,  G.V. 


(1968)  "On  the  analysis  of  moving  patterns  in  Geophysics 
I:  Correlation  analysis",  J.A.T.P.  ^Oi  1777-1788 
(1972)  in  COSPAR  International  Reference  Atmosphere  -9/^* 
Part  2.  Akademie-Verlag,  Berlin 


412 


Gregory,  J.B. 


Mans on,  A.H. 


, C.E.Me^k,  A.H.Manson,  and  D.G. Stephenson  (1979)  "Devel- 
Jpments  in  the  radiowave  drifts  technique  for  measure- 
J' 8^691  high_altitude  winds">  Jour.  Appl.  Met.,  18, 

C.E.Meek,  M.Massebeuf,  J.L.Fellous,  W.G.  Elford,  R.A. 
Vincent,  R.L. Craig,  R.G. Roper,  S. Avery,  B.B.Balsley 
G.J.Fraser,  M.J. Smith,  R.R. Clark,  S.Kato,  and  T.Tsuda 
’.1987)  "Mean  winds  of  the  upper  middle  atmosphere  (70- 
:;10  Km)  from  the  global  radar  network:  Comparisons  with 
CIRA72,  and  new  rocket  and  satellite  data",  Adv.  Space 
Res.  7,(10) 143-( 10) 153  P 

(1980)  An  efficient  method  for  analysing  ionospheric  drift 
c.ata" , J.A.T.P.  42,  835-839 
Meek,  C.E.  and  A.H.Manson  (1987a)  "Mesospheric  motions  observed  by 

simultaneous  medium-frequency  interferometer  and  spaced 
antenna  experiments"  J.G.R.  92T,  5627-5639 
Meek,  C.E.  and  A.H.Manson  (1987b)  "Medium  frequency  interferometry  at 
Saskatoon,  Canada",  Fhysica  Scripta  35,  917-921 
Ollson-Steel , P.  and  W.G.  Elford  (198?)  "The  height" distribution  of 
radio  meteors:  observations  at  2 MHz",  J.A.T  P 49 
243-258  ' ‘ — ’ 


Meek,  C.E. 


413 
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reflectivities  measured  by  the  different  radars  as  a function 

time  The  comparisons  were  made  on  beams  pointing  resolutions 

grees  from  the  zenith  with  1-minute  averaging  and  etched  range  ^solutions 

■nLnxv*  £ r:  ‘Jsssjr** 

for  the  relative  po.er-ap.rrur,  produces  of  the  t.o  radars. 

Fie  3 shows  profiles  of  radial  velocity  and  S/N  observed  in  rain.  The 
S/N  for  the  two  radars  should  be  about  equal  under  these  conditions  (particle 
S/N  tor  tne  two  ra  actual  difference  varies  considerably  with 

=3?  $5  K5  SSwss? 

yS’Ss-Srsas  ssris  £££ 

covered . 
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SAD  AND  INTERFEROMETRY  ANALYSIS  WITH  THE  MU  RADAR 
SIMULATIONS  AND  PRELIMINARY  RESULTS 
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1/  INTRODUCTION 

CUII  1 lSir^-nHl,.nan’f  ai'd  h,tCrpreU,ion  of  mesospheric  echoes  (WOODMAN  and 

L.L1LLLN  1 J,.  ),  there  hat  been  a strong  interest  in  the  middle  atmosphere  dynamics  as  revealed 

anielun'r  l"aS0‘l  ratla.S.  Atmospheric  radar  techniques  such  as  Doppler  MST  radars  and  spaced 
ant  nna  .adars  have  undergone  extensive  development  and  are  now  joined  by  new  applications 

bevond5  tertfC,'°"!f 0’  ‘°  T'y  "'A  atm0Sphe,e  from  th<‘  troposphere  to  the  mesosphere  and 
beyond.  State-of-the-art  radars  of  both  kinds  have  shown  generally  good  agreement  between 

heir  measurements  and  those  obtained  by  other  means  including  baloons  and  rockets.  However 
it  is  also  important  to  perform  direct  comparisons  of  the  dilTerent  atmospheric  radar  analysis’ 
techniques  in  order  to  better  understand  the  nature  of  their  differences. 

n . • r ‘''a1  ',Ti,er|'  thC  MU  radar  appoars  to  be  a we"  ‘ool  considering  its 

standing  flexibility  of  me.  Iherefore,  we  designed  an  experiment  to  compare  the  horizontal 

mnds,  and  possibly  other  characteristics  of  the  atmosphere  dynamics,  obtained  by  different 
ana  y sis  techniques,  llus  leport  presents  a brief  description  of  the  experimental  setup  of  the 
analysis  procedures  implemented,  and  of  a simulation  program.  A test  run  on  the  MU  radar 
provided  some  preliminary  results  on  actual  atmospheric  data. 

2/  EXPERIMENTAL  SETUP 

Hie  Ml!  radar  is  a mouostatic  radar  operating  at  V1IF  (40.5  MHz).  Its  antenna  is  a 
circular  array  of  475  crossed  thrcc-subelement  yagi  which  can  be  divided  into  25  groups  or  19 
elements  each.  Nineteen  of  those  groups  are  identical  hexagonal  subarrays.  For  further  details. 

see  (H  KAO  </  «/.,  19S5a.b).  There  are  four  receiving  channels  available  which  can  be  connected 
lo  auv  combination  of  groups  of  demon ts. 

The  primary  goal  of  the  experiment  we  developed  is  to  compare  horizontal  wind  velocities 
obtained  by  the  Doppler  method  to  those  obtained  by  spaced  antenna  drift  (SAD)  analysis  and 
mtei  comet, y Therefore,  ve  alternate  periods  of  5 beam  Doppler  beam  swinging  (DBS)  (one 
ol  he  Ml  radar  regular  modes  of  operation),  with  the  entire  radar  array  used  as  transmitter 
and  receiver  and  periods  of  data  (i.e.  time  series  of  complex  signal)  taken  will,  only  4 hexagonal 
gioups  as  individual  receive  s while  the  whole  array  is  used  for  transmission.  The  later  receiving 
setup  is  shown  figure  la.  This  combination  of  receivers  allows  us  to  perform  both  the  SAD 
and  the  mterlerometry  analysis  on  the  same  set  of  data.  Two  possible  baselines  can  be  used-  the 
outside  triangle  (receivers  1-2-3,  figure  lb)  or  the  inside  ’’star”  pattern  (receiver  pairs  1-4,  2-4, 
3-1.  figure  lb).  These  correspond  to  receiver  spaciugs  of  08  meters  and  39  meters,  respectively.’ 
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Figure  1.  a.  Top  view  of  the  MU  radar  array 
hexagonal  groups  used  as  individual  receivers, 
dash:  outside  triangle,  short  dash:  star  pattern. 


. The  shaded  areas  correspond  to  the  four 
b.  Schematic  of  the  receiving  setup.  Long 


418 


3/  ANALYSIS  TECHNIQUES 

F ,A  Pro8la,n  was  written  to  implement  both  the  SAD  and  the  interferometry  analyses 
rally  developed  software  already  exists  at  the  Radio  Atmospheric  Science  Center  (RASC  Kyoto 
l mvcisity)  to  analyse  the  data  taken  under  the  DBS  mode  of  operation.  ’ * 

and  MEEK  imp,Icmented  50  far  follows  ‘be  °ne  described  in  MEEK  (1978) 

and  MEEK  (1980)  with  the  addition  that  the  auto  and  cross  correlations  can  be  computed  from 

he  full  complex  signal  rather  than  the  amplitude  alone.  Some  data  rejection  criteria  have 
also  been  relaxed,  but  compensated  by  extensive  information  along  with  the  results  in  order  to 
allow  post-processing  consideration  of  their  efficiency  and  eventual  rejection  of  the  results  It 

alalysTs^rSTom IGC ^ pri Vafee  comm unicf 1988)  **  -sing  the  full  correlation 
3 ( - ) (HItIGC.S,  1984)  as  well  as  removing  time  series  DC  offsets  in  tiie  real  and 

a Gaussian  ITmT'*  r ^ ^ SUPPreSSi“g  the  2cro  laS  Pcaks  »>  the  autocorrelation  by 
will  be  addled  ft , -*»  prove  valuable.  This 

i m The  interferomet  -y  technique  implemented  corresponds  to  the  work  done  at  Jicamarca 
by  FARLEY  el  at.  (1981)  and  KUDEKI  (1988),  using  an  equilateral  triangle  in  our  case 

• ,,  ^°r  b°th  tec*lnifl'-es-  many  of  the  analysis  parameters  are  user-defined:  number  of  points 

points  f^FFT  l 136  fOF  U,e  COrre,ati°nS  (SAD)’  n"mbcr  °f 

4/  SIMULATED  SCATTERING  BACKGROUNDS 

to  1 „ In  °rdcr  to  vclif>’  ' hc  analysis  routines  and  to  help  define  the  optimum  radar  configuration 
usee  unng  the  actual  experiment,  it  was  decided  to  provide  different  ways  to  generate  a 
Simula  ed  scattering  background.  The  atmospheric  volume  created  corresponds  to  a rad-  r cell 
V , ; "**  a.  that  altitude)  L3  thi.W  ,, «e 

Lupoueut"  W,"d  “ *U°  !p"ifiC<l  «•“  tlirotigli  it,  „ ,„1  

To  approximate  a turbulent  scattering  mechanism,  the  volume  is  filled  with  randomly 
distributed  point  scatteiers  (this  is  a 3-dimensional  equivalent  to  the  screen  of 
described  in  WRIGHT  and  PITTEWAY  19781  An  „ . ■ , , . SClecn  of  scattcre>s 

all  sraiiorsre  i .i  • , . ' 1J'8y  Ah  ocho,nK  amplitude  is  randomly  given  to 

all  scatte  ors  and  the, r complex  signal  with  respect  to  each  individual  receiver  is  summed  to 

provide  lie  res u ting  signal  amplitude  and  phase  (real  and  quadrature  components)  This 
process  defines  the  first  mint  of  the  time  series  necessary  for  the  analysis  procedure  to  take 

Idvect o!l  tv  XT™  POmtl  delermilled  b>'  displacing  the  scatterers  in  the  radar  volume  as 
advectid  by  the  mean  wild.  When  a scatterer  moves  out  of  the  volume  a new  one  is  injected 

on  the  opposite  side  of  the  radar  cell.  The  user  can  request  that  the  amplitude  of  each  scatterer 
email,  cons  ant  or  vary  andomly  while  it  drifts  through  the  radar  volume.  A 3-dimensiomM 
laudom  displacement  (tui bulence)  can  also  be  specified. 

A variation  on  the  point  scatterer  background  allows  the  addition  of  a high  density  patch 
(ellipse)  of  scatterers  to  drift  across  the  radar  volume.  1 

To  account  for  specular  reflection,  a reflecting  background  is  defined  as  a tilted  plane  on 
w hc  i a ong- wavelength  and  a short-wavelength  structure  are  superimposed.  The  whole  pattern 

f ai,VCC1  ° y tl®  mean  ',Jnd  but’  iu  addition,  an  independent  phase  velocity  can  1m  specified 
foi  the  long- wavelength  structure.  The  amplitude  of  the  echo  at  every  reflecting  pohu  of  the 
coiiugated  suiface  is  a fui  ctiou  of  the  curvature  at  that  point. 

^ amplify  the  interest  of  these  simulations  in  preparation  for  the  experiment,  fi-ure 
2 shows  the  effect  of  spaa  ig  between  the  receivers  for  the  SAD  analysis.  In  a perfect  case,  the 
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A 


denote  the  "apparent"  and  the  "true"  wtnd  measured,  respectively. 
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,poM  * "»  si-i,ti„»,  ,„ow  ,„, 

or  ,i„  '"'  w "•“*»  -H. .« 

almost  constant  output  value)  when  the  input  wind  "”:aS!lrC,l,eilts  a[,I)cars  to  saturate  (yield  an 
Moreover,  it  can  be  seer  that  for  smaller  spacing  of  the 'receivers  thX  S°T  ^ 

salinate  at  lower  wind  velocities.  A similar  reduction  of  tl  • ^ 'Vln<  ,m‘asurements 

before  saturation  is  observed  is  produced  wL  a maX,mUm  wind  velocity  obtainable 
scatterers  are  included  in  the  atmospheric mol^,"’ ” Vanati°nS  °f  ^ ed'°  P°Wer  of  the 

correlog^LCpreslmt  enhanced  pelks  ^wTin^  'TT  ^ the  anal>’sis'  Cross 

valid  results.  Indeed,  a low  value  of  he  cro  ^ C“  yWd  a hetter  -te  of 

criteria.  °f  U‘C  C'°SS  rorrclatl°a  P«*k  is  one  of  the  usual  rejection 

-Uhl  °ftt,,le  specimen t and  analysis  procedures 

fne  step  between  successive  poZ TZ  '*’**  * "*  ^ U'e 

- r didactic  tool  for  envisioning  the  effcc t ^f  dTfS roll  t 


serve  as  a 


5/  PRELIMINARY  RESULTS 


• f,9SS- A 

IS  presented  here.  The  S2  D analvsis  „«„]  ,i  , . . T‘  U d tlle  ‘“terferometry  techniques, 

use  of  the  star  patter,:' Th^“  ££  1^“ 

zonal  cmn^Iu  c “ ?«“*  * 11  meridional  and 

21.3  kilometers  of  altitude),  a star  represent  the  ™“ge  gate  (from  12  kilometers  to 

means  that  the  data  was  rejected  durum  the  a,  1 ^ ^ 1 10  auai>'sis  routine.  No  star 

to  a fitted  10  minute  uvo  age  DBS  profile Obt  .pIro“d“rc-  The  solid  curves  correspond 

the  SAD  profile  shown.  It  ctu  b“L7t^  a " M , 40  ’*“»*»  later  than 

some  SAD  points,  especially  in  the  North/Soui I 1 O I ° ' S°°  a®10CI‘K!llt  appears,  even  though 
averaged  DUS  cu’ve  Ao,  th/South  component,  exhibit  a clear  departure  from  the 

(Mtitud^^tTj^  tr; f: two  — ° 

corresponding  to  values  of  normalized  cross  snecti  i rln  i ' °ne’  a Stro“6  ocho  appears, 
Phase  diagram.  IvUDEKl  (1088)  has  discussed  how  the  s^oMl  i'^1  T * St‘UCtured 
frequency  is  related  to  the  horizontal  wind  velr  'i  r P f 1 pl,asc  W|th  respect  to 

show  echoes  (only  random  3 ami  ^ "“"‘T’  U'e  '*°Xt  ™gc  gate  does  not 

distributed.  This  could  indicate  that  a sharp  cell  <unP|,tudos  and  phases  are  randomly 
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signal  only  (plain  curves)  or  the  full  complex  signal  (dotted  curves). 
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SPACED  ANTENNa  OBSERVATION 


BY  THE  CHUNG-LI VHF 
RESULTS* 


RADAR:  PRELIMINARY 


Chien-Ching  Chiu  and  Yean-Woei  Kiang 
Depan  ment  of  Electrical  jEngineering,  National  Taiwan  University 
Taipei,  Taiwan,  ROC 


Abstract 

■ , The  .*Pac?i  antenna  d^ft  (SAD)  technique  is  a simple  means  to  remotely  sense  atmospheric 
wind  velocutes  by  using  radars  In  this  study  the  so-called  "full  correlation  anSyS  (FCAr 
VHF^riir  'n  t°  processing  the  echo  signals  received  by  three  spaced  antennas  of  the  Chung-Li 
d a D t ! < -analys‘s  Provldes  useful  Physical  quantities,  such  as  horizontal  wind 
velo':ity  of  thue  irregularities,  pattern  size  and  axial  ratio  of  the  characteristic 
correlation  ellipse,  etc.  Although  only  the  preliminary  data  of  the  radar  are  analyzed  the  numerical 

WISEST  “ 8°0d  agreemem  With  the  radiOSOnde  mea”t7by the" 

1.  Introduction 

Scientific  attention  has  recently  been  paid  to  the  middle  atmosphere  which  nlavs  a 
significant  role  in  the  coupling  between  the  solar-dominated  ionosphere  and  the  meteorological  I v 
^OTt  h"1  °Wer  atm?s?here.  A variety  of  techniques  have  been  proposed  to  probe  the  middle 
atmosphere  to  investigate  the  structure  and  the  dynamics  of  this  region.  Among  them  the  MST 

tt  mn^^nrrVH^SphertTr0Sphere)  ^ is  the  most  P^erful  one  whS^^SjJK 

mSt°ofpm?e0ihMA?Hfnd  GUILLEN  (1974)  caused  people  to  focus  attention onls, ng  ?he VHF 
w^h  k,  P ^ ihc™ddte  atmosphere  via  echoing  from  turbulence,  layer  structure  or  fiw  electrons 

lootaTte 

,,  °tne  of  themajor  advantages  of  the  MST  radar  is  its  capability  of  continuously  monitoring 

etc.,  in  the  atmosphere  can  be  determined  (BALSLEY,  1981;  RUSTER  et  al.,  1986) 

The  most  direct  and  important  measurement  that  the  radar  provides  is  the  wind  field  ac  , 
function  of  height  and  ti  Tie.  In  general,  there  are  two  methods  for  Lasuring  wilrdTl^y  One 

p °?hP  nneam  swln£lrS  (DBS)  and  the  other  is  spaced  antenna  drift  (SAD)  (ROTTGER  ^9831 
For  the  DBS  a narrow  radar  beam  is  used  and  it  is  capable  of  being  Greeted  into  different 
directions.  The  Doppler  shift  in  the  frequency  of  the  echo  gives  the  radial  component  of  the  drift 
velocity  of  the  scattered.  By  steering  the  radar  beam  in  three  directions,  Sree  JimensiSa 
md  velocity  can  be  obtained.  For  SAD,  the  transmitting  radar  beam  is  directed  vertically  and 
Horfrn  .(l!sualty  thfee)  'Paced  antennas  are  used  to  record  the  echoes.  In  the  presence^  a 
sr  aTemenTr^H^  fretur"ed  S18nals  received  by  the  spaced  antennas  show  relative  time 
l l j ^ Th  tlme  dlsPlacements  are  determined  from  the  cross  correlation  functions  of 

bef  co^ffute^  (HOCKIfTO  wind  velocity  can 

experimentally  different,  they  are  closely  related  in  the  fundamemalrense  (B  R IGGSJ 980)““ 

p onr i PThe.SAD  Hrethod  was  earlier  applied  to  the  measurement  of  electron  drift  in  the  ionospheric 
E and  F regions  and  later  to  the  measurement  of  neutral  wind  in  the  ionospheric  D region.  Recently 

♦Part  of  the  results  were  presented  at  the  MST  Workshop  in  Kyoto  by  Prof.  J.  K.  Chao. 
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VINCENT  an^ROTTGER,6  K).  Moreover 

RffiS(S«l)22ROYRVIK  (1983b)  indicate  that  the  SAD  method  is  also  applicable  to  VHF 
returns  from  the  mesosphere. 

In  this  study,  the  preliminary  spaced  °[%g  ^9g4)  whichTs  the  most 

Bureau,  ROC,  and  fairly  good  agreement  is  found. 

« U , Section  , 

2.  Experimental  Operation 

T ' TROC^(25°Nei^^^CnAs^hmvn  i^Figure^t  * 

Taiwan,  ROC  (25  N,  1 21  )•  qyg_/oi  Yaais  which  can  be  steered  in  a zenith  and  four  off- 

£Sh ffiSfjStSS  S<  aperture  equal  to  2500  rrf.  Three  separate  atrays  Me  required 

for  the  SAD  mode  operation  besides  DBS  mode. 

wS^pSSJfSJiS^'height  ranges  and  the  resultant  data  were  stored  on  magnetic  tapes 
for  analysis.  Radar  operating  parameters  are  summarized  in  Table  1. 

Table  1.  Radar  Operating  Parameters 


Parameter 

Frequency,  MHz 

Peak  power,  kW 

Pulse  duration,  [is 

Range  resolution,  m 

Pulse  repetition  frequency,  kHz 

Coherent  averaging,  pulses 


Value 

52 

40.3 

2 

300 

2 

500 


3.  Full  Correlation  Analysis  (FCA) 

To  obtain  the  horizontal  wind  velocity  and  related  phpica1  quantities  from  the  reedved 
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Figure  1.  Arrangement  of  three  antenna  arrays  of  the  Chung-Li  radar. 


427 


and  with  some  modifications,  we  implemented  appropriate  rejection  criteria  on  the  computer 
program  and  the  numerical  results  show  that  they  are  satisfactory  for  the  purpose. 

4.  Numerical  Results 

The  recorded  data  are  time  series  of  preintegrated  complex  signals.  Before  further 
processing,  the  flash  noise,  which  suddenly  rises  with  the  amplitude  much  larger  than  the  normal 
values  of  signals,  and  the  ground  clutter  should  be  eliminated. 

Flash  noise  is  eliminated  by  the  following  iterative  process.  First,  from  the  sampled  data  sj 
we  calculate  the  mean  <s>  and  the  standard  deviation  a of  either  real  or  imaginary  part.  Secondly, 
if  | S:  - <s>l  > 3.5  a,  for  some  j,  s;  is  replaced  by  the  average  of  Sj^  and  s;+1.  Then,  the  new 
mean  <s>  and  standard  deviation  a are  calculated  again  from  resultant  data.  Again,  if  I sk  - <s>  I 
3.5  o,  for  some  k,  sk  is  still  replaced  by  the  average  of  sk_j  and  sk+i.  Such  process  is  repeated 
until  no  more  data  separate  from  the  mean  by  3.5  o are  left. 

Ground  clutter  is  further  eliminated  by  subtracting  out  the  average  value  from  the  signals. 
Note  that  the  averaging  time  period  should  be  much  larger  than  the  characteristic  time  scale  of  the 
echo  signals.  Here  an  averaging  time  period  of  about  30  min  is  chosen  in  our  analysis  process. 
Besides,  to  compare  the  power  levels  of  signals  from  different  heights  at  a time,  we  renormalize 
the  signal  by  multiplying  its  amplitude  by  height  range  z. 

The  echo  signals  were  recorded  from  0901  to  0932  LST  on  January  5,  1987,  with  a time 
resolution  of  0.25  s.  The  autocorrelation  and  cross  correlation  functions  are  calculated  for  each 
antenna  and  for  each  antenna  pair.  Signals  are  divided  into  segments  and  each  segment  is  of  length 
128  points  (i.e.,  of  time  duration  0.25  x 128  = 32  s).  Over  each  segment  the  auto-  and  cross 
correlation  functions  are  computed  and  processed  to  obtain  the  horizontal  wind  velocity  and  related 
quantities.  Inspecting  the  autocorrelation  function,  we  can  easily  determine  the  signal-to-noise 
ratio  (SNR)  from  the  spike  at  zero  time  lag,  under  the  assumption  of  white  noise.  The 
autocorrelation  function  is  then  reshaped  by  removing  that  spike  and  modifying  the  value  of  zero 
time  lag  by  its  adjacent  values  through  interpolation. 

Figure  2 shows  the  profiles  of  echo  power  for  time  periods  (0901  to  0916  LST)  and  (0916 
to  093 1 LST),  normalized  to  the  power  from  heights  above  10  km.  The  SNR  is  about  10  - 20  dB 
from  height  5.4.  km  to  height  6.9  km.  For  higher  ranges,  the  SNR  is  too  low  to  give  good  results 
for  wind  velocity  analysis.  However,  few  reliable  results  are  obtained  at  altitudes  below  5.4  km 
even  though  the  SNR  there  is  in  the  range  of  20  - 30  dB.  This  may  possibly  be  caused  by  the 
partial  saturation  of  the  receiver  and  an  incomplete  removal  of  ground  clutter  (VINCENT  and 
ROTTGER,  1980).  Therefore  only  the  echoes  from  heights  5.4  km  to  6.9  km  are  analyzed  in 
detail  and  are  discussed  here.  Numerical  results  show  that  in  this  region  about  80%  of  the  records 
result  in  reasonably  good  values  of  drift  velocity,  random  velocity,  pattern  size,  axial  ratio,  etc. 

The  height  time  plot  of  the  magnitude  of  the  horizontal  wind  velocity  is  illustrated  in  Figure 
3a  The  direction  (measured  clockwise  from  the  north)  from  which  the  wind  blows  is  given  in 
Figure  3b  with  zero  degree  giving  the  direction  of  north.  Note  that  the  mean  speed  is  about  40 
m/s  and  the  wind  direction  is  about  250°,  a fairly  acceptable  result.  It  is  found  that  from  height  5.7 
km  to  6 6 km  approximately  90%  of  data  pass  our  criteria  of  FCA.  Since  the  variations  of  CTD 
(corrected  time  delay  (ROYRVIK,  1983b))  are  computed  to  be  as  small  as  5%  or  so,  we  may 
conclude  that  the  estimates  of  velocities  are  quite  reliable  and  the  variations  of  the  velocity  with  time 
are  mostly  due  to  the  meteorological  effect  itself.  Plotted  in  Figure  4 is  the  profile  of  the  horizontal 
wind  velocity  averaged  from  0901  to  0931  LST.  The  radiosonde  measurements  by  the  Central 
Weather  Bureau  at  Pan  Chiao  (30  km  away  from  Chung-Li)  recorded  at  0830  LST  on  the  same  day 
are  also  presented  (by  dots)  for  comparison.  Evidently,  the  agreement  between  the  radar  and 
radiosonde  measurements  is  quite  good. 


As  mentioned  in  the  previous  section,  the  random  changes  of  the  irregularities  in  the 
atmosphere  can  be  characterized  by  the  random  velocity  vc.  Thus  the  ratio  of  the  random  to  true 
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Figure  2.  Profiles  of  echo  power  for  time 
periods  0901  to  0916  LST  and  0916  to 
0931  LST. 


Figure  3.  Horizontal  wind  velocity  versus  time  at  heights  of  5.4  km  to  6.9  km.  (a)  Magnitude  of 
horizontal  wind  velocity,  (b)  Angle  of  direction  (measured  clockwise  from  north)  from  which  the 
wind  blows. 

A n^lp 

0“  360“ 


Figure  4 . Profile  of  horizontal  wind  velocity 
for  time  period  from  0901  to  093 1 LST  (|  v| ), 
magnitude;  a,  direction).  The  dots  denote 
values  of  radiosonde  measurements  recorded  at 
Pan  Chiao. 
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velocity  gives  a measure  of  the  ™e°random ' velcSrity versus  time  at 

movement  in  producing  time  vaunt. on  at  a to velodty  ralio  is  plotted  in  Figure  6. 

;£S5^12E3E3^>  £-  “ ,he  r*"dom  'han6ts 

S?  a, temSe  large  during  the  period  of  mvesngauon. 

To  characterize  the  spatial  correlation  P^^^^j^p^es^^mwl'inHgurcW 

significant  variation  for  characteristic  e ‘P  SDacing  (~  40  m)  of  the  radar  system.  Generally 
alxmt  40  m,  which  is  compatible  with  the  ante™asp  to  each  other,  the  FCA  method  will 

speaking,  when  the  pattern  size  and  antenna  space  are  ctose  to  ea  ^ afeove  69  km  do  not 

rive  good  results.  This  can  also  increasing  height  (VINCENT  and 

provide  reliable  results  since  Pa  R.  o tu.  ,ke  axial  ratios  are  generally  less  than  2 wi 

SciL^ 

5.  Conclusions  . 

In  this  study  we  have  s^CCe/|^^y theb Chulfg-I^^F^  rldaf1  usi^Vhe  fuTl  comelation 
atmosphere  by  processing  the  echoes  from  the  Chu  g antenna  observation  by  the 

S3 (FCA)  technique.  Although  this  is  onyapel—y  spa  found  that  both  the 

Chung  Li  radar,  the  analyzed  results  are  quite  ausfoaory.  ^ ^ radar  qulte 

magnitude  and  the  direction  of  the  h°™-  . the  Central  Weather  Bureau,  ROC.  Moreover, 

consistent  with  the  radiosonde  measurement,  y d ^ ci0Se  to  the  antenna  spacing 

the  pattern  sizes  of  the  characteristic  km  to  6 9 km’  where  f,t 

for  those  echo  data  returned  from  the  ^'|h^  h 8d  gAlso  the  anisometric  property  of  the 

saswtssiia;  sl  asu » «.  -> — °f  — — <m™d  u) 

obtained. 
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INTRODUCTION 


cl.,r-,ir  KreUrRLw'Ki!”  *L“K““«ed  iT'Lr'/ntl  Srr”“f“‘‘  ™F 

jsst  s “ r raltTl 

parameters  Three  di  ffprpr>f-  t-ov.rw  F n ancl  relate<3  turbulent 

the  Flatland  radar  (GREEN  et  al  1988)  C°  T®4*81"®  profiles  of  C2: 

1977)  and  thermosonde  balloon  lights  (BRO^^L'  mz  ^Both^b"5  ®! 
and  scintillometer  measured  C2  remnfolvhv  iy82>*  Both  the  radar 

tions  of  refractive  tildex  on  Bhe  nronaLtL  f"?  the  effeCt  °f  the  Kuetu*- 
wave lengths  the  humid: ty  and  its  gradient  as  wfl ®lect’?raaSnetic  waves.  At  radio 
significantly  c.  ‘ "S”? 

directly  b,  ™„uri„g  th.  ms  tc.pcratcrrdif fctcnc^hlc^Ic  UuctuMion. 
temperature  sensors  separated  by  a meter  Th*  between  two  very  fast 

measurements  of  the  height  profile  of  th*  f-  ballo°n  instrujIjent  also  made 
(pressure,  temperature . an/h^Witvf  u !ff  thermodynamic  parameters 
estimates  of  C2  were  c^lculat^ fr«™  ^ ^ Speed  and  directi°n.  Model 

using  the  numePical  methods  described  bj  WA^K^^aSnS^SBS)' ""E**8 

these  par.™  cars  d.pind  c„°a  vJghSS  ““gr.^.LT™  S Sriu^e  .££. 

53?  • ss  strssi  srsrs  — - 

radar  measurement sPer  "*  Pr6Sent  S°”e  Preliminary  results,  which  emphasize  the 
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experimental  set  up 

Thermosonde  System 

The  thermosonde  system  -nslste^of  r^digital 

ricroson!ebaiJe°otier°wasea  micro-  red™hebRMS8tem5e^^' flictuations  between 
microsonde.  The  thermosonde  measu  seDarated  horizontally  by  one  meter, 

two  unheated  fine  wire  tungsten  pro  P q02°  c and  the  data  were  recor  e 

- s^rsr. snss-s^r? 

r,ri”o  .’tisrsasi 

by  u.ing  the  Let.n-C  ^“"^“jLolution.  » 1200-jr-  “““oJ.gU.l 

h&xzjrz  .s 

«?.  sJStSJS^--  - -■»  «>- “ - *£,e“ 

measurements . 

Flatland  Radar 

i iPRftl  is  located  about  8 km  west  of  the 
The  Flatland  radar  (GREEN  et  a . , above  mean  sea  level 

Anprates  at  a frequency  of  49 . o mnz  v V„iv  The  pulse  length  and  tne ^ 

ES  X.SU-  ■*.  . ■ 

S”.p:r.t.1r”e„“k£'"»“  : -rrx  2%^“  s.”“  «s «... 

twenty  <.,.«.  •«  the  ""““^Xltterlng  -ere  ...eneUUy  ” 

SI  ».t.  obtain.. 

j a stellar  scintillometer. 

Three  optical  systems  were  used  m this  stu  coherence  iength  system 

XXrlnc.  length  r„.  -hUh  1.  J ...ant..  • height  ptoftle  »f 

turbulence.  The  scintillometer  de  verse  coherence  systems  measure  a 

C2  whereas  both  the  isoplanometer  a d hted  integrated  value  of  Cn 

optical  quantity  which  i.  r.l.  *d  & r (.et.r.)  ate 

through  the  atmosphere,  l.e.,  ^ v 


- 0.528  k‘ 


7 


C2(z)  z 


5/3 


dz 


1 


■3/5 


- 2.1  I 1.46  k2 


/ Cn(z)  dZ  ] 


■3/5 


where  k is  the  wavenumber 


of  the  light  and  z is 


the  height  above  ground. 
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Stellar  Sr  inti  Home  ter  MoHpI  JT 

Laboratory  of  NOAA  (OCHS^ral1”  ”1977)  “ , develoPed  by  the  Wave  Propagation 

second  magnitude  or  brighter  and  within  45°  Ttf*  the  syste">  a star  of 
system  is  sensitive  to  spatial  wavelenethc  f ^ zenich  ls  selected.  The 
measures  seven  different  heieht  «»,•  ngth®  hanging  from  5 to  15  cm  and 
to  18.5  km  above  ground  level  (AGL)  ""rhe  turbulence  tanging  from  2 2 

=*ven  heights  - s*s:  las-” 

Surface  Mpaciirq[T|enrq 

An  instrumented  tower  was  i 

~""r*d  “ »«'«d  t„„ 

Model  Estimates  r 2 

“ n 

iodei  press^^UtenJeratur^ A^di^  upper  air  data; 

been  eMended'  "i*  glVen  by  VANZANDT  et  al.  (1981)°°  dYectlon-  The  basic 

by  WARNOCK  et  al  (1985)d  CO"sidetably . We  used  the  latest  ^erholTd"^^^5 
WARNOCK  AND  VANZAND T (1985)"  ^evaluat^r^d  ,techniclues  described^1  ^ 
model  estimates  wita  results  fm m . t*le  model  estimates.  To  conraarp 
Stapleton  radars,  which  are  lor^r  pr?VLOUS  comparisons  with  the  Sunset  and  6 
(WARNOCK  et  al.  £986 ^d^Si^  ^ 

,md '» b-  v.  ‘b°”* 

Description  of  Campaign 

during  the  day  and  in  twilight  tk  night  and  the  isoplanometer  onPri  a 

after  noontime  and  before  i?SnighrLc"l°tilbalAl0°n  Uunches  -re  usually^! 

launch  a few  packages  in  the  affeL  5 ' A ^Ical  schedule  was  to 

.P«r,t.d  during  cl.8.,-  »d  cLud'  T d"k  i 

operated  during  clear  sky  conditions  Th^  “herfas  the  optical  systems 
about  forty  meters  northeast  of  the  center  of  Ih  t®lescoPes  — re  located 
ermosonde  launch  site  was  about  sixty  meters  east^f ^h"^""3 ’ ^ the 
_ y rs  east  of  the  antenna  center 

preliminary  results 

Measurements  made  bv  both  th„  ^ 

average  values  over  both  time  and  spafe"  Scintillo”>eter  remote  sensors  are 

are  re?  t^f  by  b°th  systems.  and  the  height  profiT  d3t3  aVerages  — re  used 
are  relatively  smooth  In  contrast  proflles  measured  by  both  svstemc 

four366  °Vjr  5°Ur  seconds , which  gives  about eam°0°nd?  ln,  Situ  measurement  is  an 
f r-second  thermosonote  data  displays  many  vervVh”  ^ helght  resolution.  The 

TRus  FrqU6nCly'  the  n!eas««d  C>  values  faU  to  th'"  l 3yers  With  large  peaks  in 
Thus,  to  compare  the  thermosondR  profile JJh the  observing  noise  level. 

bhermosonde2data;  We  used  a Gaussian  filt^h  the 
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. ^ U i Uf  nrftfHpa  of  the  C2  measurements  from  the 

Figures  X through  3 show  heig  P her  with  two  model  estimate 

radar,  thermosonde,  and  scintill  6 study  were  taken  with 

profiles.  All  the  radar  data  used  in  this  p 'nd  model  profiles 
the  antenna  pointed  20  towards  ®n  filter.  One  model  profile  gives  the 
have  been  smoothed  with  the  same  Ga  , called  model  (radar),  is 

total  C*  incl^dinS  humidity^terms,  model  (dry)  , omits  the 

compareS  to  the  radar  da  • scintillometer  and  thermosonde  profiles 

humidity  terms;  it  is  compared  to  together  at  about  ten  km  and 

Note  that  the  dry  and  radar  model  profiles  merge  cog 
are  identical  at  higher  altitudes. 

1 -h""S  S'-SS 

i: 

compared  with  each  other,  w nrofile  in  each  set  is  very  good  to 

of  profiles.  The  agreement  among  the  pr  * except  for  the  lowest 

excellent.  The  radar  ^ smaller  than  radar 

point  at  4.85  km;  at  that  heigh  e Figure  2 is  a daytime  example,  so 

measurement.  The  next  e^ampes  36shows’the  next  nighttime  example, 

there  are  no  scintillometer  d - B than  the  radar  data  for  the  lowest 

- r ■£?*«. — — «• - — 1 

(radar)  well. 


Fieure  1 Height  profile  of  Log  C*  for  02-03  hours, 

g8  June  19886UT.  The  large  soli8  dot  is  the  median  of 
the  radar  data  for  the  hour,  and  the  horizontal  bars 
give  the  extreme  values  of  the  radar  ^asurementsfor 
hmir  The  solid  line  is  the  thermosonde  profile, 
the  hour.  09  04  UT  The  hatched  area 

the  balloon  was  launched  at  Uz  . * r *-ue 

. nd  scintillometer  profile.. 


HEIGHT  ABOVE 


LOG  CN2 

Figure  2.  Si. me  as  for  Figure  1 except  for  18-19  hours 

17-12nUT  BecIusehththerm°SOnde  balloon  was  launched  a 

no'scintillSeter  daJaS  ‘ •« 


LOG  CN2 

Fl8liejune  1981  OT-^h  Fig?fe  1 6XCepC  for  °°-01  hours. 

UT,  the  balloon  was  launched  at  00:44  UT 
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Figure  2 is  not  a typical  example  of  the  thermosonde  measurements  made 
, d For  flights  later  in  the  afternoon,  the  thermosonde  data  were 

X.n  £ 2^S-  — ™s  effect  1=  cot  yet 

understood . 

Au  observational  methods  used  in  this  study  mak^several ^fundament al^^^ 

t iofis 1 that*" th^mixing  i§  due  to  turbulent  flows,  and.  further,  that  the 
turbulent  flows  are  homogeneous  and  isotropic  and  that  the  observing  scales  are 
, inertial  subrange  Since  the  measurements  and  model  estimates  used  m 

^is^preliminaryS study ^are  generally  consistent,  these  simplifying  -sumptions 
and  analysis  ifterms  of  the  C2  structure  parameter  are  generally  useful 
relative5^ importance  of  convective  mixing,  viscous  damping  at  scales  small 
than  the  innerscale , and  anisotropic  turbulent  fluctuations  will  require 
ther  research. 

SUMMARY  AND  CONCLUSIONS 

An  experimental  campaign  was  conducted  at  the  Flatland  clear-air  VHF  radar 
site  located  near  Champaign-Urbana , Illinois,  in  June  198S  to  measure  height 
nrofiles  of  the  refractivity  turbulence  structure  parameter  C^  and  related 
turbulent  parameters.  This  Flatland  site  was  chosen  because  it  -located  in 
very  flat  terrain  far  removed  from  mountains,  so  that  orographic  effects  are 
minimized  free  different  techniques  were  used  to  measure  the  height  profiles 
of  C2  The  50  MHz  clear-air  Doppler  Flatland  radar  and  a stellar  scintil- 
ll.li.r  2 profile  r.St.ly,  resolucf.n  lo 

of  C2  were  obtained  from  over  20  thermosonde  balloon  flight  The  ball 
instruments  also  measured  the  standard  thermodynamic  and  wind  data  with  excel 
lent  height  resolution. 

Model  estimates  were  calculated  from  the  standard  balloon  data  and  com- 
pared with  the  measurements.  Because  the  radar  measurements  are  sensitivi e 
humidity  and  its  gradient,  whereas  the  thermosonde  and  scintillometer  are  no  , 
two  model  profiles  were  calculated.  One  model  Profile  y^ud^d  ^ 7 

terms,  called  model  (radar),  and  the  other,  called  model  (dry),  did  not. 

During  the  nighttime,  all  the  measurements  and  model  profiles  are 
generally  consistent.  There  are  two  exceptions  that  occur  systematical  y 
through  the  data  set.  One  difference  is  that  the  model  (radar)  values  °^n 
near  five  kilometers  are  consistently  lower  than  the  values  measured  by  the 
radar  Another  difference  is  that  the  scintillometer  measurements  at  abou 
km  are  always  smaller  than  the  thermosonde  and  model  estimates,  and  are  nea 
the  instrumental  noise  level. 

In  all  the  nighttime  cases,  identical  values  of  all  the  model  parameters 
.xp.pt  for  -£ 

wast50%dgrlatert than its  value  at  Flatland.  This  suggests  that  the  wind  shears 
a?scalef  of the  fine  structure  are  smaller  over  Flatland  than  over  mountainous 

terrain . 
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Simultaneous  observations  of  the  troposphere  and  lower  stratosphere  by 
Simuitane  FlaUand  and  Urbana  ST  radars:  initial  results 
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Department  of  Electrical  and  Computer  Engineering,  University  of  Illinois,  Urbana,  Illinois 
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Colorado 


ABSTRACT 

Simultaneous  VHF  radar  observations  of  the  troposphere  and  lower  snatosphere  were 
rarried  out  on  August  17-19,  1988  near  Urbana,  Illinois  using  the  Flatland  radar  and  the 
Urtant  ST  rad£  which  are  operated  by  the  Aeronomy  Laboratory  of  the  National  Oceanic 
and  AtmospherTc  Administration  and  the  University  of  Illinois  Department  of  Electrical  and 
ComoSnSring,  respectively.  The  two  radar  sites  are  located  on  the  vast  plain  ttfea 
of  CenS  ilfnois  separated  by  approximately  25  kilometers.  The  geographical  and 
observatLal  configuration  is  considered  most  suitable  for  investigating  mesoscale 
stmcture^n  the  ffoposphere-stratosphere  region.  One  horizontally  ratified  ayer .at  abotu 
15  5 km  related  to  the  tropopause,  and  another  in  the  troposphere  at  about  8 km 
observed  at  X radar  sites  foV  a long  period  of  time.  Velocity  fluctuations  with  periods  of 
inf)  minutes  < T < 200  minutes  were  observed  to  be  well  correlated  during  a period  o 
^Pet  horizontal  wind  A convective  thunderstorm  on  the  evening  of  August  18 I coincided 
wi  h dissipation  of  the  tropospheric  layer  and  a decrease  in  the  amount  of  corm  a on 
Sd  at  8 km  for  both  echo  power  and  velocity.  We  present  here  a qualitative 
comparison  of  lowpass  filtered  echo  power  and  radial  velocities,  and  a comparison  of 
vertical  power  profiles  from  the  two  radars. 


The  Doppler  radar  technique  has  been  used  in  the  past  two  decades  or  so  to  measure 
. varietvof  atmospheric  parameters  and  phenomena.  Doppler  radars  have  proved  to  be 
1 "v.CbktasLnen.s  in  the  slud,  of  atmospheric  gravity  waves,  «raoU  velocriy 

Et  aw^ety  of 

on  ,5dS  spacings  of  -400  Em  in  an  attempt  to  astatss  the  .mpac. 
netw^s'menlim^'a^mOTEmher^hwr.air  Doppler  radars,  or  wind  pmOlerv  carrenriy 

understanding  of  certain  atmospheric  parameters  and  phenomena  on  scales  less  tha 
km-  Ecklund,  et  al.  [1985]  and  later,  Carter,  et  al. 

comparisons  of  stratospheric-troposphenc  vertical  velocities  in  t ^ ALPEX  ^Paign 
France,  which  utilized  three  closely  spaced  (-4-6  km)  50  MHz  radars.  Carter,  et 
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atVSvercky  «iS£&7; 

^X'SS^KJrfcSSi  E? ,he  a‘mosph',ic  tem““  ■>» » -is  a 

rartur  rSSi'ii^S”1111  P'°P?“d:  “ •»  hol*d  Ibat  measurements  made  by  the  Flatland 
l^nm^UGree7t?,7  ,IJos%made  bf  f*  Urban,  in  a join,  sc ietS 

p ment  lureen,  et  al„  1986],  It  is  of  particular  interest  to  carry  out  such  a studv  in  the 
plain  area  where  the  oro^aphic  effects  are  at  a minimum  [Green,  et  al  19881  Hence  a 

HnmT  °f,  hlS  type  mlght  heIp  ln  providing  answers  for  questions  such  as-  without  the 
dominant  common  source  of  an  orographic  nature,  how  are  the  velocity  fluctuations 
observed  at  distances  of  25  km  apart  related  to  each  other?  Under  what  conditions  aid  in 
at  frequency  bands  are  these  velocity  fluctuations  correlated7  Can  such  a combination 
of  radars  aid  , n the  sludy  of  the  wavelength  and  speed  of  gravity  waves?  frTs^fso  well 

T9  7 8 ]P  ° h’  a tVHF*  i^d  ar s 1 [G  a^f1  Green  ” Y97^*;C 

using  a*  ia is/SEbSSiS'Sri  ,ar 

E£i|^ 

sssrs^ 

period  of  time  at  both  radar  sites  were  observed  at  approximately  15  5 km  and  8 kirf 
indicating  that  these  layers  are  of  a scale  size  greater  than  -><;  tc-  3 8 km’ 

psssiraKSSS 

frequencies  (with  periods  100  minutes  < T < 200  minutes)  attitis  t 

5SS?£2i=S««it- 

s2=3:H~'S*rMii 

of  echo  power  is  more  correlated  than  another  at  8 km,  as  a whole  smce  the  data  <S 
SESr  f°r  “ Sh°"  peri0d  °f  *"d  “™lad»  of  inmying  de^'lVobse^  S 


Figure  . . Echo  power  profiles  as  a f.nc.ion  of  rime  and  heiglo  for  (,)  .he  Fla, land  radar  and  (b) 
thf  Urbana  radar,  averaged  over  40  minutes  on  August  17-19,  1988. 
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r^TLWD  RADAS  : (3  4 nir,  :eSiJ 
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| ? fr/< 


}0  55  ^40 
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S^O  ^s“^n™^e?<75  Wkld,ks  » -P— 

m/s  between  range  gates  (15  km-4o  l)  On  v^i  • 303  veloc,tles  are  separated  by  4.0 

to-noise  ratio  > 2 0 are  shown  “ °n'y  VdOClty  csnmates  Wlth  a corresponding  signal- 


ORIGIN.AL 

OF  POC  p 


08/18/85 

Bandpdss  cutoff  - 100  and  200  minutes 

+++  = URBANA,  - = FLATLAND 


Figure  3.  Simultaneous  filtered  radial  velocity  plots  at  6.5  km  for  the  Urbana  and  Flatland  radars. 
A bandpass  filter  with  cutoff  periods  of  100  minutes  and  200  minutes  was  applied  to  the  August  18 
data.  Solid  lines  and  crosses  indicate  the  filtered  Flatland  and  Urbana  data,  respectively.  We  note 
the  excellent  correlation  during  the  first  600  minutes. 
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necessarily  the  case  at  other  times  or  heights.  During  periods  of  higher  winds,  the 
correlation  in  most  bands  was  not  quite  as  good  as  this  specific  instance  during  low  winds. 
Carter,  et  al  [1989]  observed  that  over  a six  week  period  the  vertical  velocity  fluctuations 
at  stations  spaced  ~4-6  km  apart  tended  to  exhibit  increased  correlation  with  decreasing 
frequency.  However,  on  several  days  they  isolated  some  specific  wave  events  during 
periods  of  quiet  winds  which  had  periods  of  -30-90  minutes.  We  were  able  to  observe 
correlated  vertical  velocity  fluctuations  here  with  periods  slightly  longer  than  that,  but  it  is 
reasonable  to  expect  that  stations  spaced  farther  apart  might  be  able  to  observe  waves  with 
longer  periods.  It  was  hoped  that  greater  correlation  would  be  seen  during  periods  of 
higher  winds  due  to  the  absence  of  orographic  effects;  this  was  not  necessarily  the  case, 
however.  One  reason  for  this  lack  of  significant  velocity  correlation  could  be  due  to  the 
fact  that  the  Urbana  beam  points  -3*  off-vertical  receiving  contamination  from  the 
horizontal  wind  during  more  active  periods.  But  this  study  does  show  that  correlated 
velocity  fluctuations  do  occur  over  a 25  km  separation  during  a period  of  quiet  horizontal 
wind. 

As  previously  mentioned.  Carter , et  al  [1989]  have  recently  published  a more 
detailed  analysis  of  internal  gravity  waves  observed  during  the  ALPEX  campaign  using 
three  wind  profilers  with  a spacing  of  — 4-6  km.  They  have  shown  that  wind  profiling 
Doppler  radars  can  be  quite  useful  for  studying  gravity  waves  in  the  lower  atmosphere. 
Although  it  is  beyond  the  scope  of  this  paper,  future  experiments  could  be  designed  and 
conducted  at  the  Flatland  and  Urbana  radars  to  supply  more  detailed  information  on  wave 
observations  on  the  25  km  scale.  The  wind  profiler  demonstration  network  currently 
planned  for  deployment  in  the  central  United  States  will  provide  stations  with  a separation 
of  -400  km  [Chadwick,  1988].  Additional  information  from  Flatland-Urbana 
comparisons,  coupled  with  comparisons  of  other  radar  stations  could  give  a more  complete 
description  of  wave  parameters  over  a wide  variety  of  scale  sizes. 

The  particular  method  of  analysis  used  here  has  been  helpful  in  identifying  the 
general  frequency  bands  in  which  fluctuations  in  vertical  velocity  and  echo  power  are 
correlated  over  a spacing  of  25  km.  However,  this  method  does  have  problems  in 
determining  the  specific  frequency  or  frequencies  of  waves  present  in  the  data  set.  In  the 
future,  if  a data  set  of  longer  length  is  available,  additional  methods  such  as  the  coherence 
method  used  by  Ecklund,  et  al  [1985]  and  Carter,  et  al.  [1989]  would  be  helpful  in 
detecting  some  of  the  weaker,  underlying  waves  which  are  not  visible  with  the  present 
technique.  This  analysis  would  be  especially  helpful  in  determining  the  amount  of 
correlation  present  for  fluctuations  with  T < 100  minutes,  which  our  present  study  was  not 
able  to  do.  Of  additional  interest  to  this  experiment,  another  ST  system  is  presently  under 
construction  at  the  University  of  Illinois  Aeronomy  Laboratory  Field  Station.  This  system 
will  be  steerable  and  will  have  improved  range  resolution,  enhancing  the  observational 
capabilities  for  future  comparisons  with  the  Flatland  radar. 
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Ha'ndbolkV MAP.  20.  SCOSTEP  Secretarial,  Dept,  of  Electr,  and  Computer 
Eng,  Univ.  of  111  . UAana,  IL,  L a„k,  M Warnock,  and  C D. 

Strom  Oh  .ernu.ons  if  vertical  velocity  over  Illinois  by  the  Flatland  Radar.  Ceophys. 

reflection  and  scattering  of  VHP  signals  from  the  Car 
Moran.  K.'  B.  Eanrshaw,  and  D van  de  Kamp. 
The  Colorado  wind  ^“^'^p^S^oppk^Newmr^^ss  Report. 
llandbolit M MAP,  20.  SCOSTEP  Secretariat.  Dept,  of  Electr.  and  Computer  Eng, 
Univ.  of  111.,  Urbana  IL,  339-341 
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INTERACTION  OF  MST  WIND  MEASUREMENTS  WITH  THOSE  FROM  THE  UARS  MISSION 

Marvin  A,  Geller 

Laboratory  for  Atmospheres 
NASA/Goddard  Space  Flight  Center 
Greenbel t , Maryland,  U.S.A. 


Abstract 


NASA  s UARS  (Upper  Atmosphere  Research  Satellite)  will  be  launched  in  late  1991 
to  increase  our  understanding  of  the  radiative,  chemical,  and  dynamical  oro- 
oeriod  UPPCr  ftmosPhere-  Cooperating  MST  measurements  d^ing  this 

but  also  in  c:ntHL^rJrSo^tn«i:nirfr:i;j^ie*.the  UARs  wind 

1.  INTRODUCTION 

and  v^L£ilit$rStand  the  raechanism8  that  contro1  "PPer  atmosphere  structure 

of  th*  ”pp"  *“o,i"“r* « “* 

variability. d6flne  r°l6  °£  the  UPPCr  atmosPhere  in  climate  and  climate 

instruments  will  measure  energy  input  into  the  upper  atmosphere  upper 

atmosnhprp  SPe^1€S  concentrations,  upper  atmospheric  temperature,  and  upper 

; P be"obtained8f  108  P6ri°d  °f  UAR$’  "«« «lob.l  Measurements  of 
winds  will  be  obtained  from  an  altitude  of  about  10  km  up  to  about  120  km  M<3T 

rat^eastTf3  ^ £ imPortant  in  complementing  the  UARS  wind  meas^mentl 
in  at  least  two  ways.  One  is  to  help  in  the  validation  of  the  UARS  measure- 

°ther  13  t0  USe  the  continuous  wind  measurements  at  MST  sites  to 
complement  the  synoptic  satellite  wind  measurements  from  UARS. 

2.  UARS  WIND  MEASUREMENTS 

generated  by  models  that  are  constrained  by  sit  l 'd  . 1h  CS 

strong  W-"d9  °n  TS  "iU  8ive  heretofore  unavailable  information  on  lgeo- 

breaks  do3M  Trln  M?  and  at  hi8h  altitudes  where  geostrophic  balance 

breaks  down.  It  will  also  allow  direct  determination  of  mean  meridional 

otions  rather  than  the  indirect  determinations  that  are  being  used  now. 

The  UARS  wind  measuring  instruments  are  HRDI  and  WINDII. 
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HRDI 

Th»  HRni  (Hiah  Resolution  Doppler  Imager)  is  a triple  etalon  Fabry-Perot  inter- 

es  th,  fiTs:.  .t«.ph«.  ^ough . 

“o^aiavectLawindfover  the^Uitude  ^S^o^lO-llO  km  with  an  accuracy  of  5 
meters  per  second.  The  HRDI  will  also  give  measurements  of  atmospheric 
temperature.  Since  the  HRDI  utilizes  scattered  sunlight  to  make  its  stra 
spheric  wind  measurements,  these  are  daytime  only  measurements. 

The  Principal  Investigator  for  HRDI  is  Dr.  P.  B.  Hays  of  the  University  of 
Michigan . 

WINDII 

The  WINDII  (WIND  Imaging  Interferometer)  utilizes  a Michelson  interferometer  to 

sense^atmospherTc” emissfon  and  scattering  to  determine  the  vector  horizontal 

wind  as  well  as  temperatures  over  the  altitude  range  of  70  to  310  km. 

The  WINDII  Principal  Investigator  is  Dr.  G.  G.  Shephard  of  York  University  in 
Canada* 


SOME  JOINT  UARS/MST  INVESTIGATIONS 


3. 

The  combination  of  MST  and  UARS  measurements  will  enable  . To 

accomplished  that  would  be  impossible  with  either  data  set  taken  by  itsei  . 
illustrate  this,  we  will  first  briefly  discuss  some  of  the  ways  in  which  MST 
measurements  can  contribute  to  UARS  studies. 

The  first  of  these  is  to  help  in  validating  UARS  wind  measurements.  There  are 
many  radar  wind  measurement  stations  around  the  globe.  At  * 

wind  profiles  that  cover  a portion  of  the  UARS  wind  measurement  altitudes  can 
be  obtlined?  Radar  wind  measurements  at  the  time  of  UARS  overpass  will  be  of 

meaningless  to  construct  synoptic  maps  of  UARS  winds  at  tnese  an 
winds  will  be  most  useful  in  determining  where  this  is  the  case. 

£Et"»,  it  -ill  b.  .net  useful  t.  u.lU.t.  UAM  wind  ™pp>ug  procedure,  by 
comparing  radar  measured  winds  with  UARS  mapped  wind  products. 

the  presence  of  large  amplitude  gravity  wave  events. 

Radar  .e.aure.ent,  of  turbulence  .ill  be  useful  in  definite  the  .orpb.loty  ;f 

;ssss  “ --  3 lets. 

turbulent  intensities. 

UARS  data  will  be  very  valuable  to  MST  radar  investigations.  The  most  obvious 
Chet  the  UARS. data  WU  pro.id.  . 

;”?onl  'i  -In  a.  the  effect,  of  ee.ll-.tele  ~ti.n.  on  the  UARS  n.a.ured 
constituent  structure. 
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4.  SOME  GUIDELINES  FOR  COOPERATION 

A guiding  principal  since  the  inception  of  the  UARS  program  is  that  all  UARS 
data  will  be  made  available  to  all  of  the  UARS  Principal  Investigators. 

ccompanying  this  principal,  it  was  also  decided  that  the  UARS  data  will  be 
Shan  h 6 c“nCro1  °f  the  Science  Team  for  a period  of  two  years  after  which  it 

T:am\n  T ! fValiabie  t0  tbe  overa11  community.  This  is  to  allow  the  Science 
Team  to  validate  the  data  before  release. 

Thus,  it  is  recommended  that  a UARS  Investigator  be  identified  as  the  inter- 
action  point  between  UARS  and  the  ground-based  radar  community. 
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The  Separated  Polar  Winter  Stratopau.se. 

A Gravity  Wave  Driven  Climatological  Feature 

Matthew  H.  Hitchman1,  John  C.  Gille2,  Clive  D.  Rogers3,  and  Guy  Brasseur 
National  Center  for  Atmospheric  Research  , 

Boulder,  Colorado  80307,  U.S.A. 


Abstract 

An  examination  of  temperatures  derived  from  the  Nimbus  6 PMR  and 
Nimbus  7 LIMS  instruments  reveals  that  the  winter  polar  stratopause  is  usu- 
ally elevated  and  warmer  than  the  adjacent  midlatitude  stratopause.  This 
’’separated  stratopause”  occurs  in  both  hemispheres,  but  is  more  pronounced 
and  persistent  in  the  southern  winter.  It  descends  with  time  toward  spring, 
and  exibits  week-to-week  variability.  Observational  diagnostics  and  results 
from  a 2-D  model  suggest  that  gravity  wave  driving  can  account  for  this 
separated  polar  stratopause  by  driving  a meridional  circulation,  with  down- 
welling  over  the  winter  pole.  In  the  model,  the  solar  heating  pattern  induces 
stronger  winter  westerlies  than  summer  easterlies,  which  leads  to  a strongei 
gravity  wave  driven  circulation  in  the  winter  hemisphere.  Spherical  geometry 
and  the  high  latitude  location  of  the  winter  westerly  jet  combine  to  yield  a 
concentrated  region  of  downwelling.  Model  results  suggest  that  descent  of 
the  temperature  maximum  with  time  is  probably  caused  by  wave-mean  flow 
interaction. 

1 Permanent  affiliation:  Meteorology  Department,  University  of  Wisconsin- Madison 

2 Presently  Visiting  Professor,  Radio  Atmospheric  Science  Center,  Kyoto  University 

3 Permanent  affiliation:  Department  of  Atmospheric  Physics,  Oxford  University 

4 The  National  Center  for  Atmospheric  Research  is  sponsored  by  the  National  Science 

Foundation. 


To  appear  in  the  Journal  of  the  Atmospheric  Sciences , 46,  January  1989. 
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PROGRESS  IN  EXISTING  AND  PLANNED  MST  AND  ST  RADARS 
T.  E.  VanZandt 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303,  U.S.A. 


Since  the  Third  Workshop  on  Technical  and  Scientific  Aspects  of  MST  Radar 
in  October  1985  two  radars  have  gone  out  of  operation:  Sunset  and  Poker  Flat 
These  radars  played  important  roles  in  the  development  of  the  MST  radar  tech- 
nique and  the  use  of  the  technique  for  atmospheric  research  and  operational 
meteorology.  The  Sunset  radar,  inspired  by  the  research  of  Woodman  and  Guillen 

„LJiC!rarCa  radar>  Was  the  first  VHF  radar  developed  specifically  to  use 
the  MST  radar  technique.  It  demonstrated  the  feasibility  of  studying  wind  and 
turbulence  using  small,  relatively  inexpensive  radars.  The  Poker  Flat  radar 
was  the  first  MST  radar  to  use  distributed  transmitters.  Some  of  these  trans- 
mitters, as  well  as  parts  of  the  antenna,  have  been  used  in  the  development  of 
other  radars  discussed  later  in  this  session. 

Since  the  last  Workshop,  several  radars  have  been  modified  or  upgraded 
several,  more  have  been  brought  into  operation,  and  the  planning  and  development 
or  others  has  progressed. 

At  least  three  themes  may  be  noted  in  the  recent  developments.  First  the 
importance  of  networks  of  radars  for  studying  atmospheric  dynamics  has  been 
ncreasingly  recognized.  In  particular,  the  installation  in  the  central  United 
States  of  the  31  radars  in  the  Wind  Profiler  Demonstration  Network  starting  in 
January  i989  will  have  important  impacts  on  the  use  of  the  MST  radar  technique 
tor  both  research  and  operational  meteorology.  Unfortunately,  there  was  not 
any  report  on  this  system  at  the  present  Workshop.  Second,  the  global  impor- 
tance of  tropical  meteorology  has  stimulated  the  location  of  several  radars  in 
F*nally’  several  of  the  recent  and  planned  radars  are  located  in 
ery  flat  terrain,  to  obviate  the  geophysical  noise  from  orographical  effects. 
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sa-rrrss  asssnp .rs 

Jicamarca  Radio  Observatory 
Institute  Geofisico  del  Peru. 

Aptdo.  3747,  Lima,  Peru. 

An  important  s,ep  has  bean  M " 

acquisition  system,  including  a coher®nt '^SJu  0htained  with  the  new  transmitter 
operation.  It  matches  the  imP™!*  parallel,  from  4 receiver 

final  stage.  The  system  can  process  256  ra^ige  ga^P  i2g  altjUjdes  ca  be 

channels,  at  a resolution  of  25  friendly  subroutines  have  been 

processed  with  125  meter  resolution.  User  fnenqiy^  ^ nQW  system. 

developed  which  facilitate  the  wrihng  r^r  wpe  obsSrvltions  has  been  written  and 
A fairly  general  program  for  MST  radar  yp  modu(e  of  EXC0)  the  general 
tested.  The  program  has  been ^"tten  “ aJJem  has  been  used  already  for 
Jicamarca  data  taken  supervisor  programs^  y®  designed  to  study  gravity 

two  fifteen  day  campaig J*  ndf  the  implementation  of  a frequency 

wave  momentum  deposition  (Fritz  ' and  new  high  altitude-resolution 

«*•  - high  resoM“ 

measurements  will  be  presented. 

A new  set  of  steer^gceWeshasMenoufThe^  allow  antenna  anj 

r^LranSe^SmlTm  deprUn  experiments  rising  Vincent  and 
Reed’s  technique. 

A new  Harris  H-800  compute,  is  being , ins, 

disk  units  and  a last  6250  bp.i  Vsvstem  T™  286  Zenith  PC's  with  EGA 

graphfcs"(one  Sixteen  added  as  terminals  and  a Apple  Laserwntter  as  a 
printer-plotter. 

SsraCm  a rnTmonths"  A stolid  stem  ^3^*2  *B> 
for  the  final  stages  has  been  put  in  operation. 

,’^TSSKfl'S  r; 

leadng  position  as  the  most  sensitive  radar  m the  MST  Held. 
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cmimmi  r &ar  is 
®F  *00?  c .v  V*? 


meter  resolution,  The  power  shades  repTesMTa  Tnea^^  taken.with  the  new  system  at  150 
layers  and  its  intermittence  PowersVe  normali^f3 enhance  the  narrowness  of  the 
neighborhood  of  (±  , the 


4 33 


ORIGINAL  FAGS  f3 

OF  POOR  QUALITY 
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PRESENT  AND  PLANNED  NEW  CAPABILITIES  OF  THE 
ARECIBO  RADAR  SYSTEMS 


H.  Mario  Ierkic  V. 

Arecibo  Observatory,  P.O.  Box  995,  Arecibo  P.R.  00613. 


I . 


Notes  of  interest- 


At  Arecibo  there  are  3 radars  (also)  used  for  MST  work  Sienifiranr 

systemrandSwiUebeedesrrSed°nLin  Se  HFffIcUit"d  hardvar*  ?ar*s  ^ **“ 

sonars  "is's:  rd 

VHF  radar 

' primarilv'for  ^s?31  V**l  g°°d  Perf°™*nce.  It  has  been  used 

primarily  for  ST  and  Ionospheric  Modification  work  and  in  con- 
junction with  the  UHF  radar. 

' IVlf  "°rking  °n  a severe  interference  problem  that  prevents  the 
use  of  the  automatic  pointing  capabilities 

• Radio  interference  at  nearby  frequencies  is  often  severe. 

' °ef  have  been  observed  also  from  the  mesosphere, 
rcular  polarization  capability  is  being  installed. 

UHF  radar 

. Improvement  of  system’s  recovery  time  that  should  allow  us  to  cover 
a region  closer  to  the  boundary  layer 

. We  have  operated  the  430  Mhz  system  in  a monostatic  and  a bistatic 
fashion  to  observe  a common  scattering  volume  from  two  angles  widely 
separated  (more  than  10  degrees) . ^ 

We  have  received  16  additional  (used)  klystrons. 

new  digitizing  system  will  make  it  possible  to  recuperate  150m 
resolution  and  also  allow  us  to  carry  on  dual  frequency  experiments 

N^w  ditar°VedieffiCienCy'  The  SyStem  WlU  be  in^alled  during  1989 
New  data  acquisition  software  has  been  written. 

S-band  radar 

New  software  package  to  carry  on  experiments  leading  to  the  estima- 

sihL  f^Ctral  characteristics  of  echoes  from  the  lower  strato- 
menr  with  unprecedented  (15m)  height  resolution.  This  last  develop- 

relator8  f?  P°f  f * by  usin8  our  new  2048  channel,  40  Mhz  cor- 
relator. Figure  1 shows  a gray  scale  plot  of  intensities  in  the 

tropopause  with  coherent  wave  activity  (height  resolution  is  about 


HEIGHT  (km) 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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STRATOSPHERE  AND  TROPOSPHERE  STUDIES  WITH  THE  MILLSTONE  HILL  UHF  RADAR: 
RECENT  IMPROVEMENTS  AND  FUTURE  PLANS 

Stephen  A.  Cohn 

Haystack  Observatory 
Massachusetts  Institute  of  Technology 
Westford,  MA  01886  USA 


ABSTRACT 

After  several  years  of  dormancy  the  S-T  mode  of  operation  at  the  Millstone  Hill  UHF  radar  is  again 
active.  During  these  years  a number  of  hardware  improvements  were  made  to  the  radar  system  in  conjunction 
with  the  continuing  incoherent  scatter  research  program.  These  improvements  and  other  significant  changes 
expected  in  the  near  future  are  discussed  in  the  context  of  improved  S-T  observations.  In  addition,  expansion  of 
a limited  S-T  capability  to  the  L-band  and  X-band  radars  also  located  at  Millstone  Hilt  is  outlined. 

IMPROVEMENTS  IN  THE  PAST  FIVE  YEARS 

A review  of  the  status  of  the  S-T  program  at  Millstone  Hill  in  1983,  as  well  as  a description  of  the 
Millstone  Hill  UHF  radar  system  is  given  in  RASTOGI,  1983.  Between  1983  and  1988  the  program  was  inactive 
but  a number  of  improvements  were  made  to  the  hardware  which  have  enhanced  our  ability  to  collect 
turbulence  backscatter: 

1.  The  original  X626  UHF  transmitter  was  retrofitted  with  L-3403  Litton  klystrons  with  2.5  MW  peak  / 75  kW 

average  output. 

2.  A second  UHF  transmitter  was  also  built  with  2.5  MW  peak  output  and  brought  on  line  in  September  1986. 

3.  Both  UHF  transmitters  are  operational  with  a combined  peak  power  output  of  5.0  MW. 

4.  Both  UHF  modulators  were  redesigned  incorporating  fiber  optic  links  for  timing  control.  The  modulator 

switch  tubes  were  upgraded  from  Machlett  7248’s  to  Thompson  CSF  TH-5188’s.  With  the  new 
modulators  high  repetition  rate  operation  is  now  a reality.  The  present  modulator  capability  is  from 
l^s  to  2ms  with  full  peak  power  output.  Typical  modulator  pulse  rise  time  is  1 1/xs  and  fall  time  10^.s. 

5.  The  improved  modutator  fall  time  allows  sampling  at  a shorter  range.  It  is  now  possible  to  sample  down  to  an 

altitude  of  1.0  km  when  using  a low  elevation  angle. 

6.  The  receiver  system  was  upgraded  using  low  noise  G-As  FETs,  and  receiver  TR  circuitry  was  moved  up  onto 

the  back  of  the  150  foot  UHF  antenna.  Typical  system  noise  temperatures  are  now  120  K. 

The  circuit  modifications  to  the  receiver  room,  transmitters,  and  RF system  have  given  the  Millstone 
UHF  radar  a perfect  record  of  meeting  project  commitments  for  the  past  two  and  one-half  years. 

CURRENT  IMPROVEMENT:  EXPANSION  TO  A MULTIFREOUENCY  FACILITY 

An  effort  is  currently  underway  to  use  two  other  radars  at  Millstone  Hill  for  lower  atmospheric 
turbulence  studies.  The  main  scientific  motivations  for  this  and  some  preliminary  results  are  presented  in 
COHN,  1989.  In  addition  to  allowing  multiwavelength  experiments,  the  other  radars  (the  Millstone  L-band  and 
Haystack  X-band  radars)  could,  when  available,  be  used  independently  for  S-T  experiments.  Updated  UHF 
parameters  and  parameters  of  the  L-band  and  X-band  systems  are  presented  in  table  1,  Also,  typical  parameters 
used  during  a lower  atmospheric  experiment  are  included  in  table  2. 

To  minimize  the  modifications  to  these  systems  the  following  is  planned  for  radar  control  and  signal 
processing.  Pointing  and  transmitter  control  is  handled  by  each  radar  individually.  The  received  signal  is  mixed 
to  an  intermediate  frequency  (IF)  and  sent  through  intersite  cables  to  ihe  UHF  receiver  room.  Also,  a timing 
pulse  is  sent  from  the  remote  system  to  synchronize  the  UHF  timing  in  that  of  the  other  system.  The  UHF 
system  mixes  the  remote  IF  to  2 MHz,  samples  it,  and  does  the  same  processing  as  would  be  done  to  a local 
UHF  measurement.  Although  this  arrangement  does  not  allow  simultaneous  use  of  the  three  systems,  control 
can  be  switched  between  them  in  just  a few  minutes.  In  the  future,  multiple  copies  of  the  proposed  MIDAS  will 
allow- truly  simultaneous  operations. 
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Fl JTl JRE  IMPROVEMENT:  A NEW  DATA j developed  for  ionospheric 

take  advantage  of  these  some  development  specific  to  tne  a P^B1 
The  added  capabilities  include: 

2 The  MlDAs's^iem  will  be  capable  of  supporting  coded  pulse  expcrimenis  ai  higher  resolution  lhan  the 

3,  wteil  SS53CU- chains  have  hoc,  hn,U.  shnnhaneon.  onions  »hh  «.  *«  —* 

4.  The  configurahon  of  ihe  computers  coniiollingihe  MIDAS  will  allow  much  mo,e  real-lime  processing  lhan  is 

now  possible. 

software. 


Table  1 

CH  ARACTERIST1CS  OF  THE  MILLSTONE  HILL  RADARS 


Wavelength 
Diameter 
Peak  Power 
Gain 

System  Temp 
Bcamwidth 


(m) 

(m) 

(MW) 

m 

(K) 

(deg) 


UHF  Steerable 

L-band 

X-band 

0.68 

46 

2.5 

46 

120 

1.0 

0.23 

26 

2.5 

47 

150 

0.6 

0.03 

37 

0.3 

67 

250 

0.06 

Table  2 

TYPICAL  PARAMETERS  DURING  AN 


ST  EXPERIMENT 


Points  in  spectrum 
Pulse  Length 
Range  Resolution 
Receiver  Bandwidth 
Minimum  altitude 
Interpulse  period 

Coherent  Integrations 
Frequency  Window 
Frequency  Resolution 
Max  Radial  Velocity 
Velocity  Resolution 


0s) 

(km) 

(KHz) 

(km) 

0s) 

UHF  Steerable 
8 

(Hz)  ±60 
(Hz)  0.47 
(m/s)  ±21 

(m/s)  0.16 


256 

10 

1.5 

100 

1. 

1036 


L-band 

3 

±161 

1.26 

±19 

0.14 


X-band 

1 

±483 

3.77 

±7.2 

0.06 
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RECENT  PROGRESS  WITH  THE  SOUSY  VHF  RADARS 
Peter  Czechowsky,  Bernd  Inhester,  Jurgen  Klostermeyer, 
Iain  M.  Reid,  Rudiger  Riister  and  Gerhard  Schmidt 
Max-Plan ck-Institut  fur  Aeronomie,  Katlenburg-Lmdau,  FRG 


The  antenna  system  of  the  mobile  SOUSY  VHF  Radar  on  the  island  of  And0ya  (69°N, 
16°E)  in  Northern  Norway  has  recently  been  upgraded  from  four  to  six  bearndirec  ions. 
Beams  are  now  directed  towards  the  SW,  W,  NW,  N,  and  NE.  Apart  from  this,  the  sys- 
tems have  not  been  improved.  However,  more  of  their  capabilities  have  been  u il.zed. 
In  August  1986,  the  mobile  radar  was  operated  with  a 44  Yagi  antenna  an 
peak  power  in  Lindau,  30  km  from  the  Harz  radar  (52°N,  10°E).  Both  radars  operated 
in  a 5 beam  (EWNSV)  configuration  (see  Figure  1),  and  seven  days  of  simultaneous 
observations  were  obtained.  These  allowed  the  upward  fluxes  of  horizontal  momentum 
to  be  calculated,  and  an  example  from  the  radar  located  at  Lindau  is  shown  m igure 
9 These  observations  are  also  being  used  to  the  vertical  energy  flux  and  its  power 
spectral  density  (Figure  3).  During  the  MAC/SINE  campaign  in  Northern  Norway 
in  summer  1987.  the  very  thin  strong  layers  near  86  km  typical  at  this  time  o y 
were  detected  in  the  grating  lobes  of  the  antenna  at  apparent  ranges  of  about  104  km 
(see  REID  and  CZECHOWSKY,  this  volume).  These  additional  beam  directions  have 
been  used  to  investigate  the  anisotropy  of  the  scattering  irregularities.  Measurem  . 
of  the  component  of  the  upward  flux  of  horizontal  momentum  per  unit  mass  m e 
SW-NE  direction,  and  the  anisotropy  of  the  horizontal  velocity  field  were  obtained 
from  measurements  made  in  the  main  lobes  of  the  antenna  (see  REID  and  RUSTER, 
this  volume).  High  resolution  measurements  were  obtained  within  periods  charac  er- 
ized  by  strong  vertical  motions.  The  time  and  range  resolutions  were  3.5  s and  75  m 
respectively.  Results  are  shown  in  Figure  4,  5 and  6.  The  Harz  radar  was  opera  e 
on  a campaign  basis  during  summer  1988  using  a 13  beam  configura  ion  ( 

3 5 7 and  10°,  and  vertical)  that  permits  redundant  estimates  of  the  Reynolds  stress 
tensor  and  of  the  two  dimensional  aspect  sensitivity  of  the  scattering  irregularities  to  be 
obtained.  These  observations  demonstated  for  the  first  time  that  the  very  strong  ra  ar 
returns  from  the  summer  polar  mesopause  region  are  also  obtained,  on  occasion,  from 
the  mesopause  in  summer  at  52°N.  An  example  is  shown  in  Figure  7.  The  development 
of  a UV  (351  nm)  Lidar  has  proceeded  in  parallel,  and  it  is  now  capable  of  measuring 

density  and  temperature  up  to  90  km. 
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STATIONARY 


Fig.  1 Configuration  of  the  antenna  array  of  the  stationary  SOUSY  VHF  Radar, 
located  in  the  Harz  mountains  (FRG).  Each  square  represents  a subsystem 
consisting  of  four  4-element  Yagi  antennas.  The  grey  scale  indicates  the 
electrical  tapering:  darker  symbols  are  fed  with  higher  power.  The  main 
beam  is  steerable  by  means  of  electronic  phase  shifters  in  any  requested 
azimuth  up  to  an  off-zenith  angle  of  15°.  This  kind  of  configuration  is 
now  used  routinely  with  this  radar. 


Fig.  2 Troposphencvalues  of  the  upward  flux  of  zonal  (pu'w')  and  meridional  mo- 
mentum  (pv'w*)  for  a seven  day  period  and  the  density  weighted  zonal,  merid- 
ional and  vertical  square  velocities. 
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' lmens,t>'  Plot  of  the  signal-to-noise  ratio  ( Pv ) 

y„^Uie  m the  vertical  beam  of  the  stationary  SOUSY 
f Radar  located  in  the  Harz  mountains  of  Germany  in 
summer  198S.  Values  are  very  high,  and  the  echoes  occur 
a ove  m.  This  is  in  contrast  to  radar  returns  obtained 
at  other  times  of  the  year  using  the  same  facility,  but 
very  similar  to  the  characteristics  of  echoes  returned  from 
near  the  polar  mesopause  in  summer  (the  so  called  Polar 
Mesopause  Summer  Echoes  or  PMSE).  We  have  termed 

REiDt.T.mr1"’'  s"ra“er  °r  mse  <•” 
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PROGRESS  IN  MF  RADAR  MEASUREMENTS  AT  SASKATOON 
C.E.  Meek,  A.H.  Manson,  and  N.D.  Lloyd 


Institute  of  Space  and  Atmospheric  Studies 
University  of  Saskatchewan,  Saskatoon,  Canada 


Abstract : A coherent  real  tl«.  »ind  (COHBW)  oyster  has  been  Install^  at 
the  MF  radar  site.  Kith  the  agulsition  of  professionally  designed  receivers 
It  is  non  possible  to  set  optimum  gain  for  each  height  gat,  ( 3 & resol- 
ution), increase  the  slgnal-to-nols.  ratio  nlth  ooherent  Integration,  an 
obtain  reliable  signal  strength  estimates.  The  syste.  Is  described,  an 
some  long  term  angle  of  arrival  statistics  discussed. 

The  institute  Fabry- Perot  interferometer  has  been  running  or  m 

than  a year  no.  on  green  line  (557.7  «•>.  ‘ comparison  of  alrglo.  -in  . 
laH  + h t.hfi  radar  data  is  shown. 


COHERENT  REAL  TIME  WIND  SYSTEM 

Th,  coherent  receivers  .ere  designed  - 1-1.  * » Strother-  tenant 
to  have  80  dB  gain  control  ( eight  10  dB  steps)  «ith  gain  snitching  faster 

than  70  pec  (3  Km),  — ^ 2’ 

0/180°  phase  flip  control.  Four  of  the  receivers  are 

coherent  »ind  system,  nhich  operate,  on  our  mor-1  4-ant.nn.  7- 

phase  flip  la  not  used  to  eliminate  receiver  offset,  at  the  moment. 

, long  term  running  mean  is  /D  ch„nels,  and 

The  receiver  interface,  built  by  R.T.  Miller,  has  o / 

IS  run  by  an  Apple  H micro-computer  nhich  controls  receiver  gain,  rea  s 
tn.  A/D  data  at  32  height  gates  W-1»Z  Km),  does  coherent  Integra  r , 

■ mp3n  receiver  offset  tables  and  RMS  values  (for  use  in 
"rsrirlverts  the  integrated  — to  blt-amplit^s 
using  the  running  offset  values.  When  each  block  of  bit-amplitudes  ( see 
ls  completed , It  Is  sent  t.  a secohd  Apple  II.  nhlcb  does  running  complex 
oss  and  mean  auto  correlations  hy  counting  Blt-atche.  hetneeh  seguenc,  . 

This  second  Apple  is  in  charge  of  the  system,  and  s.Ps  a garn-n.^ 
pattern,  integration,  and  record  length  parameters  to 

also  send.  tn.  completed  correlations  to  a third  computer,  a 
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C128,  »hich  does  «»  Ml  correlation  analysis  (PC*,  „d  send,  the  resalts 
“ to  the  Apple  ,hich  writes  then  on  9-track  tap,.  R„cort,  5 „in  ln 
ength  ( 512  point  bit -amplitude  sequences). 

There  are  several  advantages  to  a coherent  system.  One  is  that  exter- 
nal interfering  signals  reflected  from  the  ionosphere  which  have  a ground 
ading  pattern  similar  to  the  wanted  signal  are  automatically  rejected 
because  they  are  non-coherent.  The  system  also  reduces  the  problem  of 
multiple  hop  echoes  (which  can  appear  at  any  height  in  the  receiving  inter- 
val of  a subsequent  transmitted  pulse)  because  the  transmitter  synch  timing 
s in  ependent  of  the  2 MHz  signal  phase.  Thus  the  pulse/integration  rate 
can  be  as  high  as  the  hardware  will  allow. 

In  addition  to  the  normal  FCA  parameters  (wind  magnitude  and  direction 
mean  pattern  shape  and  tilt,  and  internal  decay  rate),  the  signal  strength  ’ 
mean  vertical  Doppler  (from  auto- correlation  phase  versus  lag),  and  the 
mean  phase  difference  between  antennas  (for  angle  of  arrival,  AOA,  calcu- 
lations)  are  also  available. 

A comparison  between  this  system  and  the  RTW  system  - non-coherent, 
which  has  been  running  for  more  than  10  years  now,  and  probably  will  be’ 
pt  running  as  long  as  possible  - shows  a bias  in  wind  speed  (COHRTW 
smaller  than  RTW)  of  20-30^.  The  reason  for  this  is  not  known  as  yet  Until 
it  is,  we  confine  our  use  of  the  data  to  dimensionless  quantities  such  as 
wind  direction  and  phase  parameters  (Doppler,  AOA). 

The  data  rate  is  much  improved  with  coherent  integration:  Figure  1 
compares  the  RTW  and  COHRTW  number  of  wind  values  per  hour.  The  minima 
m the  RTW  plot  at  85,  91 , ...  Km  are  due  to  the  poor  gain  switching  char- 
acteristics of  the  non-coherent  receiver. 


ANGLE  OF  ARRIVAL 

The  zero  lag  cross  correlation  phases  can  be  used  to  calculate  AOA,  if 
It  exists.  Figure  2 shows  histograms  of  these  phases  for  the  three  pairs  of 
antennas  in  the  array.  The  position  of  the  peak  at  the  lowest  heights  is 
taken  to  represent  the  zenith,  and  is  used  to  calibrate  the  other  phase 
differences.  The  sense  of  tilt  of  the  AOA  is  indicated  on  either  side  of 
the  histogram.  The  change  in  phase  with  height  is  interesting  - almost  as 
if  the  ray  normal  rather  than  the  phase  normal  were  being  measured. 

To  see  how  often  the  AOA  can  be  calculated,  distributions  of  the  norm- 


Figure 


nd  GOHRTW 
f wind  va 
le  number 


ina  -pair  phase  difference  (5  min  mean)  histograms, 

Lme  data,  1988  Mav  31  " July  19-  A Phase  difference 
D°  represents  ^3*  in  pointing  direction  (antenna 
spacing  is  1.13  A )•  ”Zer0  phase"  is  taken  from  the 
of  the  64-73  Km  histogram.  Geographic  tilt  direction 
noted  on  either  side  of  centre.  Data  gave  been  reject 
ny  of  the  three  zero-lag  correlations  in  a height/rec 

ess  than  0.2  . 
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allzed  phase  discrepancy  (N0D:  the  absolute  value  of  the  sum  of  the  three 
phase  differences  divided  by  the  sum  of  their  absolute  values)  have  been 
plotted  in  Figure  3-  This  parameter 


should  he  zero  for  a plane  phase  front 
(i.e.  a defined  AOA).  The  expected 
distribution  for  random  phases  is  also 
plotted.  It  appears  from  this  data 
that  the  AOA  cannot  be  found  for  the 
lowest  heights  on  the  average,  and 
is  best  (though  still  near  random)  at 
E-region  heights.  Flans  to  routinely 
correct  the  vertical  Doppler  for 
possible  oblique  propagation  on  an 


individual  basis  are  now  of  doubtful 
value.  However  large  scale  waves  might 
produce  some  good  segments  of  AOA  data. 


Figure  3.  N0D  distributions 
for  the  data  pre- 
sented in  Fig.  2. 


FABRY-FEROT  INTERFEROMETER  (FPI) 

Figure  4 shows  a sample  comparison  between  airglow  (15  mln  resolution  ) 
and  radar  (RTW,  hourly  means)  data  : Sept.  19-21,  1987.  Because  o-f  the 
reduced  number  of  ffTW  winds  at  night,  a mean  day  has  also  been  formed  for 
the  month.  If  tidal  oscillations  are  dominant,  this  will  be  a reasonable 
representation  of  night-time  data.  This  mean  day  appears  at  the  top  of  the 
figure,  repeated  for  each  day  compared.  The  middle  of  the  figure  shows  the 
available  hourly  means  for  the  specific  date/time,  and  the  bottom  gives  the 

FPI  data.  The  agreement  is  generally  good  - except  maybe  in  the  early  morn- 
ing of  Sept.  20. 

The  three  month  period  from  which  these  FPI  data  were  selected  had 
only  9 good  airglow  nights  - uncontaminated  by  moon,  clouds,  or  aurora. 


MF  radar  spaced  antenna  (FCA)  winds 
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REAL  TIME  WIND  SYSTEM  AT  TROMSJZ) 

T.L.  Hansen  and  T.  Trondsen 

Institute  of  Mathematical  and  Physical  Sciences 
University  of  Tromso,  Tromso,  Norway 

and 

C.E.  Meek 

Institute  of  Space  and  Atmospheric  Studies 
University  of  Saskatchewan,  Saskatoon,  Canada 

Abstract : A real  time  wind  measuring  system  (spaced  antenna)  has  been 
Placed  at  the  Troms*  MF  radar  site  to  run  continuously  in  conjunction 
with  the  partial  reflection  experiment  and  especially  during  the  MAC- 
SINE  and  MAC-EPS ILCN  campaigns.  Since  Troms*  ls  north  of  the  arctic 
circle,  it  is  interesting  to  see  how  well  such  a system  operates  here 

summer  and  winter.  Data  on  signal  strength  and  quantity  of  wind  results 
are  presented. 


EXPERIMENTAL  SYSTEM 

A loop  array  (figure  l)  of  2 metre  diamezer  shielded  loops  and  a real 
time  wind  (KTW)  analysis  system,  similar  to  that  at  Saskatoon,  was  set  up 
at  the  Ramf jordmoen  MF  radar  site  (69.6°N,  19.2°E)  near  Troms0  in  June  '8? 
to  run  during  the  MAC-SINE  (June-July '87)  and  MAC-EPSILON  (Oct.Nov’87) 
campaigns.  It  operates  on  O-mode  transmission  in  parallel  with  the  partial 
reflection  experiment  (PRE)  or  alone  when  the  PRE  is  not  in  use.  Trans- 
mitted power  is  50  KW  with  a 20  psec  pulse  ( 3 Km  resolution)  at  2.78  MHz. 
Sampling  is  at  3 Km  intervals  from  49  to  142  Km  (range).  Up  to  the  end  of" 
August  '87,  the  system  ran  at  a rate  of  1 pulse  per  antenna  per  O.36  sec 
(the  antennas  are  cycled  through  one  receiver),  and  despiking  was  employed 
- viz.  in  each  antenna  amplitude  sequence,  if  a signal  is  greater  than  the 
sum  of  the  two  adjacent  signals,  it  was  replaced  with  the  average.  Later 
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in  the  summer  the  system  program  was  modified  to  do  non-coherent  averagrng 
over  3 or  6 pulses  depending  on  whether  the  FRE,  which  needs  X-mode,  was 
operating.  Given  a normal  random  noise  background,  this  increases  the 
effective  signal-to-noise  (S/H)  ratio  for  correlation  analysis  by  5 or 
dB  respectively;  however  despiklng  is  no  longer  possible,  which  is  a draw- 
back if  spike  interference  (e.g.  from  co-located  experiments)  is  common. 

Comparisons  between  loops  and 
the  normally  used  half-wave  folded 
dipoles  are  not  yet  possible  at 
Tromsd,  but  experiments  at  Saskatoon 
on  admittedly  inferior  loops  suggest 
a loss  of  -25  dB  in  S/N  with  respect 
to  dipoles  at  a quiet  site.  On  the 
positive  side,  shielded  loops  seem 
to  be  relatively  unaffected  by  sur- 
rounding structures,  and  mutual 
coupling  for  close  spacings  is  not  a 
concern. 


SIGNAL  STRENGTH 

Figure  2 shows  smoothed  signal/ 
noise  contours  (very  unrefined  cal- 


Loop  array  - Roml  jordmoen  site 
Figure  1.  Loop  array 


noise  cornuux^  _ , ,, 

ibration)  for  summer  and  winter  data.  The  noise  level  is  the  signal  at  the 


Figure 


2.  Signal/Noise  contours.  Nov’ 87  ana 


Jun'88  used  6 point  integration. 
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lowest  height  gate.  Note  that  all  heights  in  this  paper  are  "virtual" 

(i.e.  based  on  echo  delay  only).  There  is  a marked  change,  with  summer 
maxima  near  local  noon  and  winter  maxima  near  local  midnight.  The  Jun'88 
profile  indicates  a solar  controlled  E-region.  The  puzzling  difference  be- 
tween Jun  -87  and  Jun  '88  contours  is  still  under  investigation.  The  change 
to  summer  scatter  occurs  just  after  the  end  of  March,  and  may  be  connected 
«ith  the  change  to  summer  circulation.  The  reason  for  the  drop  in  S/N  be- 
tween Jun  '8?  and  Jun  '88  Is  undetermined.  It  is  likely  that  the  trans- 
mitter, which  broke  down  in  July,  was  deteriorating  at  this  time. 


NUMBER  OF  MIND  VALUES 


l:j^Ure  ?•  Number  of  wind  val“es  per  height  gate  per  hour. 


eliminate  spurious  values  caused  by  external  interfering  signals,  usually 
by  requiring  that  the  signal  be  at  least  3 d3  above  the  "noise".  The  major 
loss  in  winter  data  is  probably  due  to  lower  echo  strength  (i.e.  not  just 
a reduction  in  S/N 
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Finally i Figure  4 sho.s  a histogra.  of  the  angle  of  pattern  elongation 
produced  by  the  full  correlation  analysis.  Although  not  sheen  In  Figure  . 
Let.  is  a -70.  lattice  tce.r  supporting  a log-periodic  ionos.nde  antenna 
betueen  loo,  #1  and  12.  It  »as  erpected  that  this  toner  -cold  distort  . 
oattern,  but  the  data  shoe  no  consistent  distortion  at  differen  eig 


Figure  4.  Histograms  of  pattern 
tilt  angles. 
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THE  STATUS  AND  PLANNED  DEVELOPMENTS  OF  EISCAT 
IN  MESOSPHERE  AND  D-REGION  EXPERIMENTS 


C.  La  Hoz,  J.  Rottger^.M.  Rietveld,  G.  Wannberg 
EISCAT  Scientific  Association 
P.O.  Box  812,  S-981  28  Kiruna,  Sweden 
( on  leave  from  Max-Planck-Institut  fur  Aeronomie) 

SJ.  Franke 
University  of  Dlinois 
Urbana,  61801  Ilinois,  USA 


0.  ABSTRACT 

JgZtSXZtz pow'rfo1  i"«  f“  ““ ^ — 

°U1  “ of  <hc  polar  atmosphere  emp  o^ing'^dS” T“ 

search  effort  in  two  campaigns  in  the  summer  of  1987  andTSs  JfT1  u 7Je,focus  of  the  re' 
Summer  Echoes  or  PMSE.  These  radar  n»mmc  ™ t g ^as  ^een  t^le  Polar  Mesospheric 
to  occur  only  during  summer  in  the  cold  nolar  gmate  ^°m  very  th,n  mattering  layers  that  seem 
The  seemingly  “ *°paUSe  "fT"  8°  “* 90  kilometres  of  altitude, 

the  experimentalist  and  the  theoretician  alike.  SP3Ce  ° ^ eCh0CS  constltutes  a challenge  to 

PMSe'  pmMy  ^nt^ST988^a^paignd'^resoWeathe'sufrWlOTnete^stni^tS^Stem  ‘°  StUdy  ^ 
!e£r^  C0des  - sp^freq^t 

rection  (that  is,  along  ***  “Jf  " the  lo"gitudi"al  di' 

longitudinal  structuring,  it  might teSribte  ° 1-  Dependin«  the  level  of 

as.  of  frequency  =?  Wi'h  * 

most  important,  i,  provides  measurements  of  the  hansverse  velocity  »he„” " ^ 

dynamlln^L^ptre^ 7“  “ '**’ 

netic  phenomena^Wi,ne,  °r?.r^!:;.riU‘l'nfl.“en“S  "*  °lh“  «“!*»**>  and  geomag. 
measurements.  The  capabilities  of  the  FISTat  ?^  this  conference  based  on  these  EISCAT 
lution T*  *"1  “ ttfpottant  role  in  the  reso- 

unaccounted  for  by  conventional  theories  of  turbulence  m'Sa>P  ,“rb“k"c'  '™h  ebaracleristics 

scattering  produced  by  the  tenuous  plasma  of  the  D region.  y VWy  Weak 

1.  INTRODUCTION 

(ROTOER^nf'i !ST„iaS  7”  f“  ,he  ««  dote  in  a MAP  Handbook  in  Volume  9 

n Volume  M T"  deVe,°l>™m!  in  "*“«  tmd  lower  atmosphere  applications 

syr^S^^^  f ■>—  -*«■*  dte  basic 

contained  in  me  two  references  ahov/are 
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rapea.ed  changes  and  modific.dons  with 

situation  has  no.  been-and  is  no.  will  briefly  describe  the 

results  in  middle  atmospheric  researc  av  remarks  on  temporary  limitations  that  exist 

specifications  of  the  VHF  system  making  parenthetical  remarks  on  temporary 

An  important  experiment  code-named  GEN-  H UHF^uSn'ln 

-'-5>  •'— » - — 1 “i'n,ific 

results  that  have  been  obtained  using  this  program. 

The  so-called  Polar  Mesospheric  Sutnnuu  1 '^Sa' rOTOER  e, 
in  1987  with  the  GEN- 11  program  running  Ihe  VHF  mto  (HOPPE  ^ GEN-H  is  very 
al..  1988)-  Funher  technical  de»elopm« : ve  £ maKh  we„  space  and 

suitable  for  dtese  tLloptnents,  ntnnely  dm  firs,  application  of 

time  scales  of  the  PMbb.  becuon  * uc  ftspaT  embodied  in  a series  of  programs  that 

complementary  codes  and  coherent  in  egra  mmer  0f  1988  A brief  highlight  of  scientific 

were  employed  for  the  firs,  time  in  a campaign  m summer  of  ^88  AM*  8 8 ^ ^ volume 

results  obtained  during  this  campaign  ,s  a “ , obtained  in  the  1987  and  1988  campaigns. 
WANNBERG  et  al.  (1989)  in  this  issue. 

TT*  VHl^iutend)e^n^at22^MHz  should  be^in  half^tasolenph'M 

than  the  UHF  radar.  When  the  scattenng  mechamstn  “ ^rtutenlTupt  about  40  km . wheteas 
the  VHF  radar  is  within  the  inertia  su  range  ^roTTGER  1982).  When  the  scattering  mechanism 

Cl^odtCTiinporttm  "scattering^ectanbrn  H^p^dar  rclleaion,  and  in  this  case  the 

reflections  are  also  stronger  at  the  longer  wavelength. 

Within  the  than  the  UHF 

rad^SEid’^^entr  ^monstrate  that  this  conolvs^«^^corTmcri^lowevcr.  Hre 

PMSE. 

Table  I summarises  th^ore  m^rtM^^MKtemMsand^pmm^rs  parameters 

At  the  time  of  wntting  (March  1989),  t y , . * a«  follows*  There  is  only  one 

STycl. »d operating fretpi.ncies a, n - 5 , 6 , 7 , 8 . 

The  range  of  allowed  pointing 

near  vertical  and  at  low  elevations  towards  f th  oresent  year  The  restrictions  on 

£ SETS 2SSZ£ZZ~  - °f  ,he  al,owe<i  “ 

Debye  length,  the  collective  interactions  cease. 
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Table  I.  EISCAT  VHF  Radar  Condensed  Specifications 


transmitters  (Tx) 

Peak  power 

Maximum  duty  cycle 

Operating  frequencies 

Pulse  width 

Pulse  Rise  time 

Maximum  Pulse  Rep.  Freq. 

Modulations 

Antenna 

Location 

Frequency  band 
Panel  Dimensions 
Feed  system 
Drives  and  Controllers 
Slew  rate 

Mechanical  Steerability 

Electronic  Steerability 

On-axis  Beam-width 
Gain 

On-axis  Effective  Aperture 
Normal  Operating  Modes 
Mode  I 


Mode  II 


Receivers  (Rx) 
Front  end  Amplifiers 
System  temperature 
IF  bandwidths 
Detector  type 
Post-detection  filters 


: Two  Klystron  based  Tx’s  (A  and  B) 

: 2.5  MW  perTx 
: 12.5% 

: 222  .4  + 0 .2  n MHz,  n = 1,2,...  16 
■ 1—1000  /i  sec 
: <0.1  /isec 
: 1000  Hz 

: Pulsed,  phase  flip,  Freq.  step 
: Four  Parabolic  cylinders  (Panels  1 2 3 4) 

: 69°35' 11.9408"  N 
: 19°13'13.2300"E,  85.3m  alt. 

: 224  ± 1 25  MHz  Tx,  ±11.25  MHz  Rx 
: 30m  (E-W)  x 40m  (N-S) 

: 128  crossed  dipoles  (32  per  panel) 

: One  per  panel,  Master-Slave  modes 
. 5 per  minute.  See  below. 

: In  magnetic  meridian  plane  (0.5°  W of  N) 
: Between  30° S and  60°N  of  zenith 
: By  manual  recabling  of  the  feed 

: Off-axis  ±21.3°,  Step=1.25° 

: 1.7°  N-S,  0.6°  E-W 
: 46  dBi 
: 3250  m 2 

: Mode  I and  Mode  II 
: One  antenna  with  all  4 panels  aligned 
: Klystron  A feeding  V dipoles 
: Klystron  B feeding  H dipoles 
. Linear  and  R or  L circular  polarization 
: Pol.  flipping  from  pulse  to  pulse 
: Two  independent  antennas  Tx/Rx 
: with  panels  1 + 2 and  3 + 4 
: Only  circular  polarization 
: 8 tunable  channels  at  2nd  IF  level 
: 4 Solid  state,  > 50  dB  gain 
: 250-350°K,  depends  on  pointing 
: 1.2,  8.8,  18.0  MHz 
: Phase  coherent  demodulator 
: Butterworth  and  Linear,  variety  of  BW’s 


are  advised  to  contact  the  EKCAT  °r  “ UpdatCd  characteristi^ 

et1^I1,(  1 989b^  hf  th6^  of  sp^c^nto^^iet^^nie  pa^^y  LA^IOZ 
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diagram  of  .ho  VHF  antenna.  The  multifrequency  transmitter  makes  it  easy  .0  implement  frequency 
interferometry.  See  Franke  et  al.  (1989a)  in  this  issue. 


Figure  , shows  a schematic  diaFam  of  * 

simplified  explanation  of  this  diagram,  or  mo  bauds  with  a baud  length  of 

(1986a).  Pairs  of  Barker  coded  pulses  « «* consecutive  pairs  of 
is  7 Msec  that  gives  a range  resolution  of  1.05  km  The  *para  a ^ itself  variable 

% the^cle.  The  second  puis.  each  pair  is  the  negative 

of  the  first,  i.e.,  it  has  a 180°  phase  flip. 


The  autocorrelation  function  is  estimated  in  real  time  ' by 

spending  to  the  "^cts  me  not  all  atexactly  the  same  delay,  but  differ 

equal  to  21  x 2 .222  - 46 .662  msec.  F . having  smaller  lag 

* ““^TVe £^25S!E£« SSnl  »uhe.ffecg.s of  the  phase  dip  of 
SondpIS  of  eSpair  by  pt»pe,  clfan’ge  of  signs  tmd  b,  using  separate  storage  tnrays 

The  zero  lag  of  the  ACR  dS’nritSTte”  pulse'p.urs  Since  the 

it  is  in  fact  an  average  of  the  ACF  at  t g + 5 x 7 = 126/isec,  the  middle 

12  ^ec.' Approximated  zero  lag  is  termed  the  “quasi-zero  lag”  or 


C v-1 
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the  pseudo- zero  lag”.  For  the  intended  altitude  ranees  that  GEN  11  is  n<a>H  th;« 

usually  very  good,  since  then  the  coirelation  times  ail  much  ^eater  th^  m ,^  aPPr°X,matlon  ,sf 

,h«  »o  .ag  can  be  .aaily  improved  d„ff„g  off  „ne  „a,ysi?b^,:rS„Ci:  °f 

powSa  iJEES££  S2-"  — power  as  we„  as  ,he 

m these  experiment  since  they  can  be  much  larger  ihan  .he  wan.ed^gnals  ""  Spec,all>'  d'to'"°"s 

The  analysis  of  data  obtained  with  GEN- 11  typically 
involves  first  the  sorting  out  of  the  complicated  structure  of 
the  output  of  the  real  time  program  in  order  to  obtain  con- 
ventional gated  ACF’s.  This  step  is  usually  preceded  by 
post- integration,  as  the  real  time  integration  is  only  10  sec. 
Correction  algorithms  are  applied  such  as  noise  and  ad- 
ditional DC/clutter  substraction  and  elimination  of  Barker 
code  sidelobes  (HUUSKONEN  et  al„  1988).  Estimates  of 
the  Doppler  velocity  and  spectral  widths  can  be  done  read- 
ily. Other  parameters  such  as  electron  density,  collision 
requency,  temperature,  and  positive/negative  ion  concen- 
tration are  more  difficult  to  obtain  due  to  the  fact  that— 
with  the  exception  of  the  electron  density— all  are  directly 
related  to  the  spectral  width  according  to  the  generally 
accepted  model  of  incoherent  scattering  from  a partially 
ionised  collisions  plasma  that  gives  a Lorentzian  spectral 
function  with  width: 


JWjSJtf'" 

9Z0kfR^r 

87.8^0^/ 

k. 

83.6  km^/ 

L ~ 

79.4  km^/ 

V 

-100  100 
Frequency  (Hz) 

Fig.  2 Measured  (dots)  and  fit - .r(U 

ted  spectra  (lines).  A / = — - 1 + , , . 

mxv  * ' 
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Fig.  3.  Profiles  of  negative  ion  to  electron  density  number. 
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neutral  atmosphere  models,  has  been  at  the  heart  of  ® 4 shows  time  series  of  mt 

Rgu«  3 shows  ( 


Figure  3 shows  promts  u.  * - 

at  several  altitudes  reported  by  COL  eta-  ^ make  estimates  of  the  Schmidt  number 

Sc  :ni^SR« 

a reduction  of  the  electron  diffusion i coe  cient, . ^ ^ cohercnt  scattering— the  pMSE— at 

(1987)  as  a causative  explanation  of  the  scattering.  The  estimates  obtained  by  HALL 

scale  lengths  otherwise  numbl  at  altitudes  where  PMSE  layers  are 


anu  d \ — 

normally  observed. 

HOPPE  and  HANSEN  (1988)  and  HALL  et 
al  (1987)  have  analysed  also  the  Doppler  s 1 1 
of  the  radar  returns  to  infer  vertical  velocities  at 
mesospheric  heights.  They  have  found  vanations 
of  the  velocity  that  indicate  the  presence  of  gravity 
waves  with  periods  mostly  around  20  minutesMn 
one  interesting  measurement  (HALL  et  al.,  ), 
the  likely  source  of  a gravity  wave  with  penod38 
min  was  identified  to  be  the  subsonic  solar  termi- 
nator. 

4.  THE  PMSE  EXPERIMENTS 

With  the  experience  gained  in  a campaign  in  sum 
mer  1987  it  was  clear  that  the  spectral  signatures 
mer  The  nbservatior 


too 


)£  88.5  km 

AA 

3f  87.5  Km  A 

: 

0L 

2110  2115 
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Fie.  4.  Time  series  of  the  mass  of  positive 
heavy  ions  in  the  D region. 


Witn  me  CApoii^iivv  * . 

mer  1987  it  was  clear  that  the * 2SSS*  indicated  that  the  bandwidths  ranged  at  least  be- 
of  the  PMSE  were  very  variable.  The  ob  structuring  of  the  layers  in  altitude  was  also  of 

tween  a fraction  of  a Hz  and  several  ten tof m ^ ^ £ use  of  GEN-11  was  not  adequate, 

sub-kilometer  dimension.  These  conslde  id  h P d altitude  resolution  of  GEN-11  are  10.72  Hz, 

technique  (KOFMAN,  et  al.,  1984). 


Table  II.  PMSE  Programs  June- July  1988 


Code 

Baud 

ipp 

Coh. 

Pts 

ps 

Int. 

PMSE2B 

PMSE3A 

PMSE3B 

PMSE3C 

28  b Barker 
32  b Compl. 
64  b Compl 
32  b Compl. 

1 

2 

1 

2 

5270 

2350 

2985 

2475 

5 

10 

10 

8 

128 

128 

64 

96 

FDI1 

FDI2 

SDI1 

Uncoded 
32  b Compl. 
32  b Compl. 

10 

2 

2 

1813 

4902 

4902 

28 

6 

6 

192 

64 

64 

Time 

sec 

5 

5 

2 

2 

5 

2 

2 


Heights 

km 

68.0- 99.5 

80.0- 89.0 

80.0- 89.15 

80.0- 92.3 

80.0- 95.0 

80.0- 89.0 

80.0-89.0 


For  ft.  .988  campaign  we  embarked  in ' 

of  ,be  E,SCAT  com,a,or' The 
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— — - 

°f  * HSCAT  SW  ■—  «•  • ' - -= 

region  altitudes  and  beyond  where  the  rad.,  ““'""V  ’“'"'"E' 

are  larger  than  the  radar  repetition  frequency— and  the  nh  ? , * ’ h Slgnal  Spectral  widths 

minutes  or  more.  A large  library  of  experiment  dtoJ  * Pr°?CSSes  316  often  statlonary  within 

vational  needs  at  these  **  ^ matches  most  obser- 

where  the  reda,  signal,  are  11"  a T f *nd  k>w  -es.iganons 

well  as  coherent  "^Plementary  codes  as 

tions  since  they  are  produced  by  sub-kilometer  structureTa^id  oftT^  ^ meS°SphenC  appllCa‘ 
scales  of  seconds  and  perhaps  less.  This  implies  that  for  the  PMSE  the  n°n  Statl0nary  w,thln  tlme 
lated  to  the  stationarity  of  the  signals  rather  than  to  the  snr  • E ^ tegratlon  tlme  15  more  re- 
scattering. However  under  auroral  condif  • , R as  is  normally  the  case  for  incoherent 

by  non-sfationarity  UO"S’  lnC°herem  faces  the  »»*  problems  created 

! 988).  the  ^meMtiini^Lim^  ! ^ ^ p—  will  fill  this  gap  (Postila, 

physical  phenomenom  so  little  understood  as  •I“Vm8  ^ °P°nUnity  10  study  a 

orthodox  solutions  to  our  difficultiel  !„h  7 P s“  -hoes,  we  found  un- 

of  the  sampled  slgntds  usingThe ^ 
developed  for  the  summer  campaign  of  1988.  “ 2 SUmmaiy  of  ,he  Programs  that  were 


The  program  that  was  used  most  was  PMSF^r  c ok  , 

and  their  range  ambiguity  functions  that  were  emnln  h • u S °WS  * & comPlementary  coded  pulses 
- ,h=  ,w„  complement  coded 
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, . . . on, O The  baud  length  of  2 us  is  equivalent  to  300  metres  range  resolution. 

function  after  combining  A and  B.  Noie  dm  .he  effect, ve  amb, gurry  funcuon  has  no  sideiobes. 
PMSE3B  is  an  inuring  and 

such^r^ftnwrtheUmi^if  Represent  configuration  of  die  VHF  radar.  We  had  only  ol^Sp^jgS^g 
run  of  about  6 hours  on  July  6th  1988.  Below  we  show  some  of  the  results  obtained  w 

and  PMSE3C. 

The  FDI  and  SDI  programs  were  developed  to  carry  out  frequency  and  space 
mea—  mspecdveiy^ome  of  .here  esperiments  are  described  in  this  issue  (FRANKE  e,  a,.. 

1989;  LA  HOZ  et  al.,  1989b). 

There  were  also  other  programs  not  shown  in  Table  U that  had  a more  exploratory  character 

STR  AT^P4  and  SOUND  are  modified  versions  of  PMSE3C.  STRAT,  ST90P4  were  employed 
STRAT,  ST9UP4  Ainu  auuwu  « tQ  search  for  slgnatures  of 

to  make  test  measurements  m t e sjmilar  t0  thc  PMSE  set  but  it  solves  the  problem  of 

acoustic  sound  waves.  CC4D5  is  p gr  manner  and  was  developed  independently 

(STORK c^'lW.  some  periods,  in  panicu.ar d^ng fan, even,  of 

on-line  the  spectral  functions  and  power  profiles  with  or  without  post-integration, 
slice”— -is  normalised  to  its  own  ^ along 


SP-GE-PMSE3B-V  06/JUL/88 


TIME  UT 

Fig.  6.  A greyscale  power  map  of  polar  mesospheric 
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digital  to  analog  converters.  Nevertheless, 
saturation  has  occurred. 


there  might  be  short  periods  during  the  experiments 


when 


Figum  , is  , paninl  illustration  of 

again  the  normalisation  is  of  the  same  type  as  e Qf  note  here  is  the  coexistence  of 

however,  shows  the  intensity  of  the  Signals  tn  terms  of  the  SNR^Of  ■»«  meMoranem 

vcty  narrow  spectral  forms,  with  widths  of  the  order  of  the  f«q«nc, "”w  , 3:04,nJ  „;20 

of  0.5  Ha,  together  with  wide.  ±1  tar1 . The  accompanying  paper 

^cTs^c  Association  is 

National  de  la  Recherche  Sctentifique  of  France,  t ® “ f Norway  the  Naturvetenskapliga 

He  of  Germany,  the  Norges  AlmenvUenskapehge  of  the  United  K.ng- 

Forskningsr&det  of  Sweden,  and  the  Science  and  Engmeenng  Research  Counc 

dom. 

onset  observed  by  EISCAT,  J.  Atmos.  Terr.  Phys.,  48,  807-816. 
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CURRENT  STATUS  AND  RECENT  DEVELOPMENTS  OF  THE 

nn  tnPT  PAHARS 


r A.  Vincent  and  W.  K.  Hocking 


Department  of  Physics  and  Mathematical  Physics 
University  of  Adelaide 
GPO  Box  498 
Adelaide 
Australia  5001 


1 The  Adelaide  MF  Radar 

The  2 MHz  partial-reflection  r****e^  Ss^hr^gh 

Adelaide  (35*S,  138*E)  has  continued  to  ope rat^  down_time  being  due  to 

Che  period  November  1983  to  the  en  ’ *d  antenna  system  has 

infrequent  transmitter  and  computer  ‘ to  provide  climatologies  of  mean 

been  operated  with  a real  m x 1988,  VINCENT  and  FRITTS , 

winds , tides  end  « SL' „£.««»«.  k™  -.en  eo.bid.d 

1987).  Since  the  beginning  of  198b,  produce  a climatology  of 

5££.  W 

The  tsdst  sis.  operates  at 

has  been  used  for  D reB^on  * , ujjz  transmitting  array  and  transmitter 

(ELFORD  and  OLSSON-STEEL,  1988).  better  angular  discrimination  and 

Ire  currently  being  upgraded  /^s  of ^receiving  array.  The 

tSZ  muiti-frequency  — — .«  » 
and  6 MHz  of  D-region  scattering  processes. 

2 Thsd  S4  1 MHz  ST  Radar. 

This  radar,  also  located  at  the  Buck 

number  of  studies  into  spaced  antenna  wind 

(VINCENT  et  al . , 1987).  Current  f rnld_fronts  (in  association  with 

measurements  with  on-line  data  ana  y®  gravity  waves.  Continuous 

the  local  Australian  the  accumulated  data 

observations  spanning  several  wee  sources  as  well  as  is  being 

is  being  used  to  provide  a climatology  of  wave  source^  ^ ^ 2 MHz 

compared  with  wave  activity  in  t ® ”®s  P ’ between  the  lower  and  upper 
system,  in  a search  for  possible  «a  also  in  progress,  and  it 

rr^rd radar  and  balloon 

measurements  of  turbulence. 

1 Thg  Mawson  Radar 

.2  «*  partlal-.eflecciori  ^ 

June  1984  at  Mawson  Base  ln  th®  studies  have  been  made  of  the  mean 

70-110  km  altitude  region,  ^ntinuing^st  ^ waves  (PHILLIPS  and  VINCENT, 

circulation,  planetary  wave  , ’ t studies  of  the  interaction 

1989).  Some  emphasis  has  also  been  g and  the  ionized  atmosphere  in 

between  the  dynamics  of  the  neutral^°^r^e  periods  (PRICE,  1988). 
the  100-150  km  region  during  geomagnetical  y 
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n--u:rufnVtD6^:?S-  ^-he^gh'  meteors : 

' * Pwo  years  of  continuous  measurements  of  of  t-n»-K  1 
PhiUi  “T'  ^~^°P^^e^e^eSO°^D^r2475-2491^ri988rmOS^ere  3 2" 

^isrsstss- 

University UTMelaidehei988ynaDliCS  ^ ***  aUr°ral  zone-  Ph'  »■  Thesis, 
^LSS  the^delaide  VHF^rad'  *“*  ^ *'"' 

VincInrR^r^VrFkfe^^^i  fhYS'  ^-"33-366:  1987"^  StUdi6S 

mesopause  region  at  Adelaide,  Australia^  °/  th* 

Vi":“"  ~ «' ■sea?  sr 
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CHARACTERISTICS  OF  PROVENCE  RADAR 
M.  CROCHET 

LSEET  Universite  de  Toulon,  UA  705  CNRS 
639,  Bd  des  Armaris,  83100  TOULON,  FRANCE 


accomplishments 


The  Provence  Radar 
usually  located  near  the 
cooperative  meteorological 


is  a VHF , pulsed  Doppler  transportable  radar 
city  of  Toulon.  It  has  been  integrated  to 
campaigns  and/or  ST  radar  networks  . 


- ALPEX  1982  in  the  Rhone  Delta  (South  of  France) 

( BALSLEY  et  al.,1983,  ECKLUND  et  al.,1985,  CARTER  et 

- FRONTS  1984  and  MESOGERS  1984  in  Armagnac  (South-wes 


al. ,1985,1989) 
t of  France) 


- FRONTS  1987  in  Brittany  (West  of  France) 
(CROCHET  et  al. ,1989) 


Comparisons  have  been  (or  will  be)  performed  with  other  instruments 

- Balloons  in-situ  measurements  in  Armagnac  1984 
(DALAUDIER  et  al ., 1985 , 1989) 

- Stellar  scintillometer  (SCIDAR  - TOULON  1987) 

(CROCHET  et  al.,  the  same  issue) 

- Balloons  and  SCIDAR  ( Aire-sur-Adour , 1989). 


The  Provence  Radar 
VHF  Radar  Oceanography 
sky-wave  in  order  to 
state,  surface  wind, 


has  also  been  used  for  preliminary  investigations  in 
at  the  sea  level  by  surface  wave  and  from  a cliff  by 
investigate  different  oceanographic  parameters  : sea 
surface  currents,  salinity  and  fronts  (BROCHE  et  al., 


1987). 


BRIEF  DESCRIPTION 

The  Provence  Radar  has  been  operated  successively  at  48.85,  47.8, 

45  MHz  due  to  frequency  allocation  problems  with  = 50  Kw  peak  power  and  a 

60x60  m antenna. 

The  capabilities  have  been  recently  upgraded. 

- A new  preprocessor  is  driven  by  an  INI  computer  with  pulse  generation 
of  1,  2,  4,  8,  16  us  pulse  widths  and  related  IPP  for  2 U duty  cycle  and 
selection  of  the  receiver  adapted  filter. 

- A maximum  of  48  gates  can  be  sampled;  with  8 bits  conversion  and  a 
maximum  of  4095  coherent  integrations. 

- Coding  is  available  but  not  usually  necessary  due  to  the  low  duty  cycle 
of  the  present  tube  transmitter. 

- Low  altitude  investigations  have  been  performed  at  l°w  Power  with  a 
totally  passive  duplexer  and  encouraging  preliminary  results 
obtained  down  to  500  m (CROCHET  and  BOURDIER,  same  issue). 
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PULBICATIONS  RELATING  TO  PROVENCE  RADAR 


BALSLEY  B.B.,  M. 
R.  GARELLO  (1983) 
lower  stratosphere 
Radar  Meteorology, 


CROCHET,  W.L.  ECKLUND,  D.A.  CARTER,  A.C.  RIDDLE  and 
"Observations  of  vertical  motions  in  the  troposphere  and 
using  three  closely-spaced  ST  radars"  - 21st  Conference  on 
pp.  148-152. 


BROCHE  P., 
"VHF  radar 
Science  22, 


P.  FORGET,  J.C.  de  MAISTRE , J.L.  DEVENON  and  M.  CROCHET  (1987) 
for  ocean  surface  current  and  sea  state  remote  sensing"  - Radio 
n 1,  pp.  69-75. 


BRUN  E. 
wind  and 


M.  CROCHET,  W.  ECKLUND  (1986)  - "Simultaneous  multibeam 
turbulence"  - MAP  HANDBOOK,  20,  pp.  402-408. 


sound ing 


of 


CARTER  D.A.,  B.B.  BALSLEY,  W.L.  ECKLUND,  M. 
R.  GARELLO  (1985)  - "Tropospheric  gravity  wave 

spaced  ST  radars"  - MAP  HANDBOOK,  18,  pp . 260-263. 


CROCHET, 

observed 


A.C.  RIDDLE  and 
by  three  closely- 


CARTER  D.A.,  B.  BALSLEY,  W.L.  ECKLUND,  A.C.  RIDDLE 
M.  CROCHET  (1989)  - "Investigation  of  Internal 

vertically-directed  closely-spaced  wind  profilers" 


R.  GARELLO,  K.S.  GAGE  and 
gravity  waves  using  three 
Submitted  to  JGR . 


CROCHET  M.,  F.  CUQ,  F.M.  RALPH  and  S.V.  VENTKATESWARAN  (1989) 
radar  observations  of  the  great  October  storm  of  1987"  - 
Dynamics  of  Oceans  and  Atmospheres. 


- "Clear  air 
Submitted  to 


DALAUDIER  F.,  J. 
parison  between 
Norway . 


BARAT,  F.  BERTIN,  E.  BRUN,  M.  CROCHET,  F.  CUQ  (1985)  - 
ST  radar  and  in-situ  balloon  measurements"  - MAP/WINE, 


"Com- 

Lohen 


DALAUDIER  F.,  M.  CROCHET  and  C.  SIDI  (1989)  - 
in-situ  and  radar  measurements  of  temperature 
puzzling  result"  - Submitted  to  Radio  Science. 


"Direct  comparison  between 
fluctuation  spectra  : A 
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STATUS  AND  PI^S  FOR  THE  POHNPEX , 
W.L.  Ecklund,  K.S.  Gage,  D.A. 


F.S.M.  (7°N,  157°E)  ST  RADAR 
Carter,  and  B.B.  Balsley 


National 


Aeronomy  Lfiboreitory 

Oceanic1" and  Atmospheric  Administration 

Boulder,  Colorado  80303 


. , -in  a vertical  only  mode  since  1984. 

The  Pohnpei  ST  radar  has  been  ^^loOro  x 100m  phased  array.  At  the 

VSttSSSi  October  me. 

Since  commencing  operation  In  1984  much  valuable  data_has 
vertical  motions  during  convecti  passage  of  convective  ’’hot 

excess  of  10  ms  » have  been  observed  dur ^ have  been  studied 

towers"  over  the  Pohnpei  site.  Av®rag  £ observations  from  the 

extensively  at  Pohnpei  by  using  rainfall  and  clo^  analysis  have  been  pub- 
Pohnpei  weather  station ^ey  confirm  that  convective  storms  ^e^argely 
lished  (BALSLEY  et  al . 1988).  Th  y observed  in  the  tropics  and  that 

responsible  for  the  upward  vertical  prevails.  Another  study  is  under- 

under  relatively  clear  ^^^^^f^locity  variability  to  the  occurrence  of 
S ’« .TSSudl ”flu  of  horizontal  -ind.  <»»■« 

AND  CARTER,  1989). 

„ th.  near  fntnr,  . plan  to  -Ji. & n 2*j>  the 

winds  can  be  measured.  First,  ? * “J;  J^d  data  processing  systems  will  be 
existing  antenna  and  the  radar  hardware  wlll  be  added  to  the  an- 

moved  to  this  location.  Then  a seco  P ^ five.beam  system  will  provide 
tenna  and  a five -beam  system  will  be  us  . evaluate  the  degree  to  which  winds 
redundant  wind  Information  and  U*tain  iee  waves.  Because  of  the 

observed  at  Pohnpei  are  compromise  y Pohnpei  we  will  be  able  to 

winds  available  from  the  galloon  sound!  g more  or  less  than  balloon  data 

evaluate  whether  wind  profiler  data 
by  the  presence  of  lee  waves . 

REFERENCES  Riddle  and  K.S.  Gage  (1988), 

Balsley,  B.B.,  W.L.  Ecklund,  D £ tropical ' atmosphere  observed  by  a radar 

S*p*onn‘'*«  “Lp“  u-»  i«i«'  15rE  to‘“'  *““* 

45 , 396-405. 

Balsley  B.B.  . and  D.A.  Carter  U9,9>'  "“"“‘j  “™tn«lont  ov«' Pohnpei  and 

ssss-i-irasisr*  ^ — * ■ “* 
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PROGRESS  REPORT  OF  THE  CHUNG-LI  RADAR  FACILITY 

A.  J.  Chen  and  S.-Y.  Su 

Center  for  Space  and  Remote  Sensing  Research 
National  Central  University 
Chung-Li,  Taiwan,  ROC 

1983)  specifications  (BROSNAHAN  et  al„ 

Rico,  October  21-25,  1985  (CHAO  et  al  1 wo^shoP  held  in  Aquadilla,  Puerto 

on  the  radar  facility  and  observational  tShiSfes  ZS?"’  adva“?  have  been  made 
characteristics  is  listed  in  Table  1 . q An  updated  summary  of  the  Chung-Li  radar 

improvements^n ^he' radax^adHty  iJJSSdS'foH  W'pter  of  1987'1988.  The 

sampling  rate  for  40  range  gate  data  is  1 folfow,ng:  First  of  all,  the  fastest  data 

from  1 data  point  per  channel  eve^  0 2 5"  ^T1  eveiy  0.064  sec,  an  advance 

and  helpful  in  studying  the  echo  mechanism wi?*en?ng  faSt  moving  events 
has  been  implemented.  This  will  increase  the  observation  hii^t  complementary  code  system 
resolution  of  150  m.  A first  test  run  ^ Lh  gh,f  yet  retmn  the  maximum  height 

adopted  from  a paper  by  CHU  and  HUANG  (1988?nAlrt»e  data  is  shown  in  Figure  1, 
ve  ocity  and  direction  is  good  among tire  coded  ? **  general  agreement  of  wind 

still  needed  to  perfect  the  de™!  ^.rawn?°*k  data,  more  tests  £ 

implemented  in  the  system  This  will  imnrZ  .'i,  Thdy’  lhe  optional  dc  removal  is  also 
and  echo  power  determination  ^SSSS£!VSSZ  °f  Wi"?  f,eld  Elements 
techniques  such  as  SAD  and  mterfercmetrJ^Kce^y. US  3pply  ,he  ob«rvational 

SAD  operate  in  dual  mode,  DBS  and 

^ FU(1988)-  We  show  in  Figure  2 one  of  his  resuhs  has  been  analyzed 

from  the  DBS,  SAD  and  rawinsSnde  dam are  !P  figUrc  the  results 

However,  it  should  be  noted  that  the  wind  velS  c“A??nd  vfloc,ty  wd  direction, 

velocity  obtained  from  auto-  and  cross-correla tinman ? S£P.meth°d  is  the  ’’apparent 
from  the  full  correlation  analysis  (BRIGGS  19841  \n™w  i^i!,S  ls  no?  tbc  to16  velocity" 
scattering  pattern  have  been  removed  Annare'ntlv  nth  bich  *be  random  changes  of  the 
(7.4°)  and  the  vertical  wind  coStC^l?  ^ -8S  the  broad  beam 
investigated  for  SAD  observations  w th  the cffe^!S«C^ndl,1?,s)  need  to  be  further 
discrepancy.  un  tne  c-nung-Li  radar  in  order  to  understand  the 

proximity  to  the  “ few  wavc  even,s  because  of  its 

the  approach  of  typhoons  and  cold  fronts  £ 3^“  severc  wea<her  changes  such  as 
related  to  the  so-called  ’’cat  eve”  nhenom^n™  j£?rci  s j^s  a wave  event  that  seems  to  be 
observed  at  the  same  height  The  out  of  nha«*  nf  ^ °PC^  fl?m  K"H  instability  of  wind  shear 
w th  Z > 7 km  and  betwc^ 

related  to  the  wind  shear  observed  at  Z * 7 km  shown  in^rUnC  !n  ***  bfnre  can  be 

event  has  been  presented  by  FU  (1988).  in  Pl^ure  detailed  analysis  of  this 

ptenomena,lrela^,*t^iTOMtohf  ^e^ShoS*  ^d^inT™"^  *°  observe  wave 

oteervations  can  certainly  be  made  in  order  to undeXid Uhe  ^ f?ntS'  More  extended 
regions.  Furthermore,  some  additional  hardware  acnnicitilf  ave  Phe”°mena  in  subtropical 
hdar  are  planned  in  the  near  future  for  the  Chu^  nlTT", SUCh  aS  MEDAC-  RASS,  and 
studying  the  middle  atmospheric  phenomena.  g L d faC,h,y  to  increase  its  capability  in 


495 


Table  1 . Characteristics  of  the  Chung-Li  VHF  Radar. 


Location 
Frequency 
Antenna  Array 

configuration 

elements 

area 

gain 

beam  directions 

HPBW 

Transmitter 
Pulse  Width 

Duty  Cycle 
Pulse  Coding 
Receiver 

Bessel  filter 
Computer 
Data  Resolution 


Max  Height 
Operating  Mode 


24°58’N,  121°irE 
52  MHz 

3 modules 

(8  x 8)  4-element  Yagi/module 
1600  m2/module 
28  dB  (one  module) 

33  dB  (3  modules)  . , .. 

vertical;  17°  off  zenith  toward  east,  west,  north,  and  south 

5 discrete  directions  every  module 
7.4°  (one  module) 

4°  - 5°  (3  modules) 

3 coherent  transmitters,  max  power  60  kW/transmitter 
1 - 16  |AS 

76-bit  complementary  codes;  2, 4,  8,  or  16  bits 

ES  1 MHz,  0.5  MHz,  0.25  MHz,  or  0,125  MHz 

CODATA  computer 
AH  ^ 150  m 
At  £ 0.064  s 

24  km  (normal  operation) 

Dual  mode  (DBS  and  SAD) 


REFERENCES 

Brigg,  B H.,  The  analysis  of  spaced  sensor  records  by  cozrelation  techniques.  Handbook  for 
Bzi*  i'“  Chao.'  and  J.  B»f.  Ozung-U  Tai™.  *£ 

arT>sToffvP!?SS  Uu/tlw  fiist  operation  and 

Proc.  1988  Telecommun.  Symp.,  Dec  9 10, » • p , ph  D jhesis,  National 

Fu,  I.  J.,  Observations  of  gravity  waves  by  Chung-Li  VHh  raaar, 

Central  University,  1988. 
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THE  CHRISTMAS  ISLAND  ST  RADAR  (2°N,  157°W) 

K.S.  Gage,  B.B.  Balsley,  D.A.  Carter,  W.L.  Ecklund,  andJ.R.  McAfee 

Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


S.K.  Avery 

Cooperative  Institute  for  Research  in  the  Environmental  Sciences 
University  of  Colorado 
Boulder,  Colorado  80309 


operatiL  sin^e  ApJil  1988PP  Th  Chrlst"as  Is^nd  has  been  in  routine 

100m  x 100m  phLed  Irray  !nten^  " £ ^ nst  * 1°  D°PPler  -dar  with  a 

but  the  early  observatiLs^rcomp^mis^fbT ^ 

The  sea  clutter  was  mostly  eliminated  by  modifications  to  the  ! Clu“er' 
were  completed  in  early  1986  A detail L ideations  to  the  antenna  which 

found  in  BALSLEY  et  al  (1987)  and  the  ant"  the  563  echoes  can  be 

BALSLEY  et  al.  (1988).  ’ h antenna  modifications  are  described  in 

Off ice^as^part^f ^ts'concerted'effort^o^moro0^*"6'*  ^ N0AA'S  T0GA  Pr°Sram 

over  the  tropical  Pacific  The  TOGA  nr  PfOVL  upper-air  wind  observations 
dynamics  of  low  frequency  dSatl varL'iUty15  C°  Understand  the 

region  in  the  central  plcifi^^C^arel^  thfLsL^Pa^f }" 

Island  weather  is  generally  fair  except  during  ENSO  eventc  w^  Christmas 
moves  eastward  across  the  equatorial  Pacific  6 events  when  convection 

via  GOES dSaJelUte 'and  incor^terinJo'thf  gH  ^ ^^^itted 

(GTS)  since  early  1987  This  is  the  firQt  • obaLTalecomnmnication  System 
nated  globally  in  near ' real -time  and  tn  h Profiler  data  to  be  dissemi- 

forecast  products  by  the  National  MetenrrO  “f ed, ^ °Peratlonal  analysis  and 

Center  for  Medium  Range  Weather  Forecasts^ieMWF)  ^WeV””^  T*  the  EuroPean 
comparisons  between  the  NMC  and  ftmut?  i We  have  made  extensive 

(GAGE  et  al.  1988)  analyses  interpolated  to  Christmas  Island 

(MEDAC)  (WANG  et^n  1988)  ^as^dded  t^th^CtTw0  ^ ^ollection  system 
tion  of  meteor  echo  observations  vif  mEd2 win  h?  IsUnd  radar-  The  addi" 
thermospheric  observations  to  be  made  S arisLa^Tn  masosPharic  and  lower 
lower  atmospheric  observations  In  the  fi.tnr  ? land  simultaneously  with 

boundary  layer  radar  (ECKLUND  et  al  19SRW  ^ we  plan  to  incorporate  a UHF 
to  cooperate  with  R A Vincent  of  the  ^ Christraas  I^nd  system  and 

establish  an  HF  °£  AdeUid*’ 
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THE  STATUS  OF  THE  FLATLAND  RADAR  AND  RECENT  STUDIES 


J.L.  Green,  T.E.  VanZandt.  K.S.  Gage,  J.M.  Warnock,  W.L.  Clark 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  CO  80303  U.S.A. 


G.D.  Nastrom 

Department  of  Earth  Sciences 
St.  Cloud  State  University 
St.  Cloud,  MN  U.S.A. 


The  Flatland  radar,  a VHF  (49  ft  mHt'i  ct  j t 

the  Champaign-Urbana,  Illinois  airport,  at  40  05°^  “sr'a”  1011  WeSt  °f 

constructed  and  is  operated  bv  th<=>  Aorn  T i ,88.4  W,  212  m MSL,  was 
and  Atmospheric  Administration  (GREEN  et°al  ^°ry  . the  . NaCional  Oceanic 

region  of  very  flat  terrain  tn  ovo^  -,1988).  It  is  sited  in  a large 

60m  x 60m  coaxial - col linear  array ° luencf s * The>  antenna  is  a 
E-W  vertical  planes.  The  vertical beL  ^ 2°  StepS  ln  the  N'S  a"d 

from  the  vertical  in  order  to  minim^r/  e UUy  adJusted  to  be  < 0. 02- 
measurements  by  horizontal  winds.  °n  amlnatlon  °f  vertical  velocity 

From  March,  1987  through  April  1988  ^ 

velocity  every  2-1/2  min.  fhese  data  hfve  heen  a measured  the  vertical  wind 
of  vertical  velocity  (VANZANDT  et  al  1988)  anr^th  t0  s^udy  frequency  spectra 
reflectivity  structure  during  tropopause  fo  H vertical  velocity  and 

During  May- July,  1988,  comparisons  were  mfde w^h^^i  (NASTR0M  et  . 1988). 
radar  (ECKLUND  et  al . , 1988)  and  with  the  rh-M  d a collocated  boundary  layer 
1978).  During  June,  i988 c» was stJd£d  h ^ (MUELLER  ^ SIL&A, 

the  Flatland  radar,  the  bounSary  layer  rfdar  C^‘rl"g  aimultaneous  d*ta  from 

During ^August^  * 

and  Flatland  radar  (DESTER  e™a]U  Wlth  ^ Url"ana  radar 

conf iguration'^ln^rde^to^tudy^the^ertical0? lu^of  J"  9 «»- 

storms°f  graVUy  WaVeS'  ThiS  data  aPa°  be1Uuse°d 

Grant  ATM-852513.  1S  PartlaUy  funded  by  the  National  Science  Foundation 
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ST  RADAR:  FIRST  STEP  TO  INDIAN  MST  RADAR 
B.  K.  Sarkar  and  A.  Agarwal 

Society  for  Applied  Microwave  Electronics  Engineering  and  Research 
Society  10  pf  nT  CampuSj  Hillside,  Powai 

Bombay  400  076,  India 


introduction 

•n,,,  ca^tSi1 “ sr 

2 a? air  turbulence  near  and  above  thunderstorms,  etc. 

ST  mode  operation  is  an  provi°th^oncIpnrfT 1 VIST  radar, 

radar  is  smaller  in  size  and  hence  it  is  «^“££rtiany)Pof  die  final  MST  radar  so  that 

S„L£f™ cSgt^rn'Si  tootnsmicl  an  MST rad»  from  the  ST  radar configumnon. 
time. 

CONFIGURATION  FOR  ST  MODE  OPERATION 

The  Indian  MST  radar  **' 'SctSs^S^m^  of  32Yagi 

SnlstTti KheTof dtecdonjloj^  'SS^SSS^SS^ E 

SyUtSm  SSA  associated  with  the  exciters  of  the 

transmitters. 

u is  proposed  no.  .0  reamnge  or  disturb  .he  feeding  S m?MST 

ST  mode  operation,  16  a >6  dual  Y1S*  .instead  of  32  transmitters  as  in  MST 

radar)  will  be  exeitedfeed.ng  power  tom  16 > ,6  antonnas.  Sinee  16  x 16 

radar)  as  shown  in  Figures  1 and  2 Fac  tr  ata,  feeding  16  antennas  in 

K35SSSSS  ?6KUh|f  “v?i.?”“3>  6B  and  3 dB  beam  width  will  be 

6°. 

e ,u  mct  rariar  will  consist  of  the  exciter,  solid-state  amplifier,  2 
Each  transmitter  of  the  MST  radar  w: » amplifier  In  ST  mode  operation, 

stages  of  triode  driver  amplifiers  and  ^^{8  P amplifiers  and  mode  driver  amplifiers 
transmitters  consisting  of  exciters,  low  power  solid  state  mp  e of  4.5  kW  (peak) 

will  be  used.  It  is  proposed  to  use  12  nos ™ ™ Wm2. 

transmitters  resulting  peak  power  aperture  product  of  2.244  x 10» 

Tabk  1 gives  transmitter  power  levels,  beam  widths,  sidelobe  levels  and  peak  power 
aperture  products  for  arrays  of  different  sizes. 
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Figure  1.  MST  radar  feed  network  configuration. 


Tx.  HUTS. 


POWER  DIVIDER 
DIRECTIONAL  COUPLER 


YAGI  ANTENNA 

inter  connection  between  couplers 


Figure  2.  ST  radar  configuration. 
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AD V ANT AGE  OF  THE  PROPOSED  ST  RADAR 

symmetricaTy^o^ha^teamwidth^^e  e^^S^vTdfrne  fY  °nC  ^ increasing  *e  elements 
beam  widths  of  4.8°  x transmitters>  » will  give 

increasing  transmitted  power.  Testing  of  smaller  arravTnf  '"creasing.an'enna  aperture  and 
give  confidence  to  scientists  and  engLers  Sce^7™HLST  n caPablllties  will 

stage  by  stage  from  the  ST  configuration  any  nroblJmX  W'i be.bullt  by  adding  elements 

MST  mod.  option.  The  rady  additions,  „t 

radars  of  USA  and'Au^al^  parameters  of  thc  Proposed  Indian  ST  radar  with  the  existing  ST 


Table  1 

Parameters  of  Indian  ST  Radar  With 
Increasing  Elements  and  Transmitted  Power 


No.  of 
elements 


Sidelobe 

level 

dB 


3 dB  beam- 
width 
deg 


Tx 

power  level 
kW 


No 


Peak  power 
aperture  product 
(Wm2) 


16x16  13.1  6 6 

4.5 

20x20  14.75  4.8  6 

4.5 

3.5 

24  x 24  16.0  4 6 

4.5 

3.5 

32x  32  19.6  3 6 

4.5 

3.5 

2.7 

1.8 

1.1 


12 

4 

12 

4 

4 

12 

4 

4 

12 

4 

4 

4 

4 

4 


2.244  x 108 
4.85  x 108 

8.66  x 108 

19.19  x 108 
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Table  n 

Comparison  of  Existing  ST  Radars 
With  The  Proposed  Indian  ST  Radar 


EXISTING  ST  RADARS  Planned  ST 

Radar 


SUBSYSTEMS 


Platte ville  Sterling 

USA  USA 


Sunset  Buckland  Tirupati 

USA  Park 

AUSTRALIA  INDIA 


I.  TRANSMITTER 


Frequency  (MHz) 

Total  peak  power  (kW) 
Peak  power  apert- 
ure product(Wm2) 
Duty  cycle  (%) 
Average  power 

Pulse  width  min.(|is) 
Average  power 
aperture  product 
(Wm2) 


49.92 

15 

49.80 

30 

40.475 

50 

54.1 

40 

53.0 

90 

1.5  x 108 
1.7 

133  W 
4 

0.75  x 108 
2.0 
400  W 
4 

1.1  x 108 
2.5 
lkW 

1 

3.2  x 108 
0.7 
200  W 

7 

2.24  x 108 
2.5 

2.25  kW 
1 

2.66  x 105 

10.0  x 105 

22.0  x 105 

15.0  x 105 

79.47  x 105 

II.  ANTENNA 


Type 

Coax,  dipoles 

Co-Co 

Co-Co 

Co-Co 

Yagi 

Total  no.  of 
dipoles 

- 

- 

- 

- 

16  x 16 

Physical 
aperature  (m2) 
Beam  width 

2000 

2500 

f 

2200 

4.8° 

7500 

3.2° 

3532 

Beam  direction 
from  Zenith 
Mode 

15°(2) 

PAD 

15°(2) 

PAC 

60° 

PAC 

15°(1) 

PAC.PAY 

±20° 

PAY 

PAD  - Phased  Array  Dipoles 

PAC  - Phased  Array  Co-axial  Collinear 

PAY  - Phased  Array  Yagis 
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PROGRESS  IN  THE  DESIGN  AND  DEVELOPMENT  OF  THE  INDIAN  MST  RADAR 

G.  Viswanathan 

MST  Radar  Project 
Indian  Space  Research  Organization 
Bangalore  560  058,  India 

„ Ttiie  ,s,y^te?„level  specifications  of  the  Indian  MST  radar  were  brought  out  in  MAP 
Handbook  Vol  20  dated  June  1986.  The  present  status  of  progress  in ! the  £s£n  and 
development  of  the  Indian  MST  radar  is  summarized  below:  ® 

A contract  was  awarded  in  January  1987  to  the  Society  for  Applied  Microwave  Electronics 
FlT"6^  Research  (S AMEER),  Bombay,  an  autonomous  Society  under  the  Department  of 
tromcs,  Government  of  India  for  the  design  and  development  of  the  Indian  MST  radar. 

A Preliminary  Design  Review  was  organized  to  decide  on  the  design  approach  to  the 
during  the  PDR3S  mdmdiui  subsystems  of  the  radar.  The  following  major  decfsions  emerged 

. b was  ^ecidcd  to  use  crossed  three  element  Yagi  for  the  antenna  array  instead  of  the 
dements  SyStem  contemPlated'  “a  will  now  consisTtfiS such Ya£ 

over  sidetobe  levels.111111"31'011  US'ng  3 modified  Tay,or  series  was  decided  to  provide  better  control 

. . .*  While  the  peak  power  of  2.5  MW  and  the  average  power  of  60  kW  for  the  svstem  was 

retained,  the  configuration  of  the  transmitter  was  changed  to  use  32  transmitter  units  varying  in 

&°rt„T‘  120  kW  P'ak  “ ™ pnak  to  eSc”yirS" 

resulting my  ^ °f  * P“iw  “»>'  w“  *”““<1 
have  . 

“<lcsfflSnSC0MP  5600)  ^ * 68030 - a • "Seas 

n a,  i Ati/m  cThosen  fortheinstaHaiion  0f  the  Indian  MST  radar  facility  at  Gadanki  village 
(Lat  13  27  34  N,  Long  79°10'34"E,  MSL  190  mtrs.)  near  Tirupati,  in  the  state  df  Andhra 
Pradesh  A noise  survey  was  conducted  to  characterize  the  possible  radio  noise  interference 
nA«USUVe  m®asuremeiUsuaye  planned  for  characterizing  cosmic  noise  levels  at  the  site  The 
necessary  coordination  with  the  other  user  agencies  for  the  frequency  allocation  and  site  clearance 
s completed  tinder  the  aegis  of  the  Wireless  Planning  CoreSee,  l&nistty StSSSSSSSfS 

o£Sg tS"width  on  Mlfe“ncy  all“a,i0n  iS  m,d'  “ of  53  MHz  with 

Engineering  design  for  the  buildings  and  infrastructure  for  establishing  the  facility  was 
completed  and  tendering  of  the  civil  and  electrical  works  is  in  promss  ^ 3S2  Tnd 
development  effort  for  the  various  subsystems  of  the  MST  radar  consisted  of:  ^ 

- Validation  of  the  design  by  the  development  of  a laboratory  prototype, 
the  envit5Se'„X^ffl,SSS”"rin8  Pr°'°,yP‘  “ "m-irereents  as  well  as 
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- Subcontracting  the  production  of  units  required  in  large  numbers  to  industries  after 
detailed  vendor  evaluation. 

- Inhouse  development  of  critical  subsystems  as  well  as  software  packages. 


SKiEtaSf  ESSSfe.  plan  meaningful  science  oulpu.  during  .he  ST  mode 


operation. 
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THE  ST  RADAR  UNDER  CONSTRUCTION  AT  PIURA,  PERU  (5"S,  81°W) 
B.B.  Balsley , W.L.  Ecklund,  D. A.  Carter,  and  K.S.  Gage 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


R.  Mugica,  A.  Mabres,  and  R.  Rodriguez 

Universite  de  Piura 
Piura,  Peru 


S.K.  Avery  and  E.J.  Violette 

Cooperative  Institute  for  Research  in  the  Environmental  Sciences 
University  of  Colorado 
Boulder,  Colorado  80309 


Institute  Geofisico  del  Peru 
Lima,  100  Peru  00612 


in  Pi«:.pL“"  m,aSd“  - nur. 

ernmost  facility  in  the  nrnnnCL  system  This  radar  will  form  the  east- 

eventually  span  the  equatorial  Pacific"  ^UDDort6^01^1^  ST  radars  that  wil1 
Piura  radar  is  being  furnished  bv  the  U , construcCion  of  the 

radar  at  Piura  is  n.art-  nf  Q ^ * ’ ational  Science  Foundation  The  ST 

Aeronomy  Laboratory  and  the  ,pr?graT  inVolvin8  NOAA's 

the  Universite  de  Piura  and  the  Ins^Lrf  rt  ^ ,the  United  StaCes'  a"d 

radar  is  being  constructed  on  the  campusVf* VSil^  1116 

Alaska  tofSnSefSitd; fei'Lnths^S ite'prepa^tf  " WaS  shiP?ed  ^om 

antenna  construction  will  begin  about^he^irst  of  ?h  n°W  underway  and  Che 
be  constructed  next  to  the  antenna  si u year‘  A bulldl"g  will 
generator  has  been  purchased  to  provide  a c1°h'  the  radar  equipment.  A diesej 
radar.  The  first  phase  of  construction  wl 5?nb^nuous  source  of  power  to  the 
radar  will  be  operated  for  the  first  vear  in  V?1?11  *y  mld-1989  and  the 
the  radar  will  be  modified  so  that  horiznnt-  1 ertical-only  mode.  During  1990 
can  be  measured.  horizontal  as  well  as  vertical  velocities 
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the  insu/meteo  bifrequency  s.t.  radar 

A“" 


(1)  C.R.P.E.,  Saint  Maur,  France 

(2)  c N R M./E.E.R.M.,  Toulouse,  France 

(3)  L.S.E.E.T.,  Toulon,  France 

(4)  I.N.S.U.,  Saint  Maur,  France 


In  1984,  two  networks  of  ST  ™dM^^PN  workj  In  order  to  go  deeper  into  these  two  projects, 

other  to  meteorological  operauons(DMN  p£d  their  sciemific,  technical  and  financial 

the  different  institutions  involved  have  in  1985  and  was  the  realization  of  a 

resources  for  a better  efficiency. Jhe  first  stag q research  and  operational  meteorology, 

prototype  fulfilling  the  requ'remen^ofbmhat  p^  . the  UHF  radar  covers  the  owe* 

ssss  -- ca"  - included  into  the 

bifrequency  radar.  multi-instrument  environment  from  October  1987  to  Janua‘T 

The  second  stage  was  a long  run  in  rinnph  1987)  A network  of  three  S.T.  radars,  100 

Ihe  ■•pROVENCE" radar  trom 

LSEET. 

Characteristic  of  the  radars 

Figure  1 is  a thebown  measurement 

JqllenlS^Sjles  1 and  2 give  chmctensoes  rf  Ihe  ™ "*o,inng  ,he  transmission  and 

rP^rfysSc.T^ 

subsequent  coherent  integration.  The  VHb  tra  P ns  in  th^  numerical  device.  The  256 

complementary  code  and  decoded  a ter  co  tms320,  incoherently  added  and  recorded  on  a 

point  power  spectra  are  computed  on-lin « us  g JIM  m available  in  real  time, 
magnetic  tape  with  a time  rate  as  fast  as  ' P^orizedPand  can  be  activated  using  the  comPu'^ 
Different  running  modes  of  the  radar  are  parameters  of  the  radars  under  operation.  For 

function  keys.  A mode  is  constituted  y | Pf  the  directions  of  observation,  and  of c°ded 

each  radar,  the  sequence  is  defined  £y ^ Any  alternance  is  possible.  The  number  of  coherent 

oTeSM  .he  sequence  and  .he  number  of  mcoheren. 

integration  of  each  radar. 

Preliminary  FRONTS  87  results 

The  UHF/VHF(45  MHz)  and  *e  their  reliability, 

month  FRONTS  87  experiment  in  a satisiaciory  y 

Sadu.y  cycle  of  1 6%  wi.hou.  any  problems  dunng 
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TABLE  1.  UHF  - Radar  Characteristics  and  Operating  Parameters 


Radar  Characteristics 


Frequency  (MHz) 

Bandwidth  (MHz) 

Peak  Power  (kW) 

Average  Power  (W) 

Pulse  Width  ( [is) 

Pulse  Repetition  Period  (ps) 
Duty  cycle  (%) 

Antenna,  Parabola  diameter  (m) 
Beam  width 
Antenna  Pointing 


961 

1 

4 

80 

1 


50 

2 

4.60 
4° 


Time  Domain  Average 
Spectral  Resolution  (ms'D 
Maximum  Radial  Velocity  (ms'1) 

~ 64 

0.19 
+ 24.4 

150 

256 

0.048 

±6.1 

Height  Resolution  (m) 
First  Height  (m) 
Number  of  Gates 
Time  Resolution  (s) 
Spectral  Average 

0.82 

50 

260 

47 

3.28 

100 

TABLE  2.  VHF  - Radar  Characteristics  and  Operating  Parameters 


Radar  Characteristics 


Frequency  (MHz) 

Antenna  Type 
Antenna  Area 
Beamwidth 
Peak  Power  (kW) 

Pulse  Repetition  Period  (jis) 
Pulse  Width  (ps) 

Average  Power  (W) 

Duty  Cycle  (%) 

Height  Resolution  (m) 


72  5 (k  = 4.13  m)  and  45  (k  - 6.7  m) 
array  of  COlinear  COaxial  dipoles 
40  x 40  m*  70  x 70  m2 

5.6° 

5 

156.25  (6400  Hz) 

25  (coded)  2.5  (non  coded)  1 5 (non  coded) 

800  8 0 48° 

16  1-6  9'60 

375  375  2250 

10  baud  Complementary  Codes 


Typical  Operating 

Parameters  during  FRONTS  87 

Time  Domain  Average 

256 
± 41.7 
0.2 
10.24 
2 

1024 
+ 10.4 

45  MHz  Maximum  Radial  Velocity  (m/s) 

0.05 

45  MHz  Spectral  Resolution  (m/s) 

41.96 

Time  Resolution  (s) 
Spectral  Average 

6 
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a global  good  agreement  but  it 

January  1988,  prelimin^  SS  °f  *eumajor  events-  the  12th  of 

low  level  jet  ahead  the  fSt  and  at  upper  **  “ surface  with  a 

Future  Developnemen; 

ta  STnata.  ™s  g0„ 

1987.  Two  other  bifrequencV Sa7s wXS L Fren(*  f,entlfic  Community  in  September 
As  these  radars  areSs^S  7hev^ouH  £ “JW*  **  “ the  «*»  three  years, 

campaigns  as  ALPEX,  FRONTS  84  and  87  or  in  fixed  w a.netwo.rk  dann8  multi-instrument 
routine  experiments  . ““  87  °r  in  flxed  locatlons’  c|ose  by  the  laboratories,  for 


REFERENCES 
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VHP  AND  UHF  RADARS  BEING  DEVELOPED  IN  THE  BEIJING  AREA,  CHINA 

Da-ren  Lu 


Institute  of  Atmospheric  Physics 
Academia  Sinica 
Beijing  100011,  China 


j a t thf  radar  being  developed  in  the  Beijing  area.  The 

There  is  one  VHF  radar  and  atmosphere  and  mesoscale  nowcasting 

VHF  Doppler  radar  will  be  devoted  to  mesoscale  meteorology  and,  in  particular, 

research.  The  UHF  radar  is  mainly  devoted l to ^sojcate  mereo^  of  Sciences  is 

nowcasting  operation.  The  Institute  of  A.^moj>  e y ^ fadar  and  Academy  of 
responsible  for  the  development  and  operation  oi  l China  for  the  UHF  radar. 

Meteorological  Science,  State  Meteoro  ogic  distance  between  them  is  about  60 

These  two  radars  will  be  located  in  the  Beijing  area,  x . * 

S,  The  mdn  parameters  of  these  two  radars  are  as  follows. 


Beijing  VHF  (CAS/IAP) 


Location 

Antenna 


Frequency 

Transmitter 


~40°N,  1 17°E 

Xianghe  county,  Hebei  Province 

108  x 108  m2 
36  x 36  Yagi  elements 
2 polarizations 
5 bit  phase-shifter 

78  MHz 


Distributed  36  sets 
Total  Pt  640  kW-900  kW 

Total  Pmax  ^V/ 

(depend  on  pulse  length  ana 
pulse  repetition  rate) 


Pulse  length 
PRR 


2-10  ps,  variable 
2,500  Hz 


Data  acquisition  1 MHz  A/D  converter 
and  processing  pc-386  (to  be  determined) 

FFT  Hardware 


Beijing  UHF  (SMA/AMS) 

40°N,  116°E 
Daxing  county,  Beijing 

108  Yagi  elements 

3 beams 

365  MHz 

1 set 

Pt  - 30  kW 


1-9  (is,  variable 
-5-20  kHz 

1 MHz  A/D  converter 

8 bit 

PC-AT 

FFT  Hardware 


Height  range 

Expected 
operating  time 


64-128 
End  of  1990 


Middle  of  1989 
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A PROPOSED  ST  RADAR  FOR  BIAK,  INDONESIA  (1"S,  136»E) 

K.S.  Gage,  W.L.  Ecklund,  and  B.B.  Balsley 

. Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


J-  Soegijo,  M.  Pardede,  and  S.M.  Notosuyidno 
LAPAN 

Aerospace  Research  Center 
Bandung,  Indonesia 

Of  the  "maritime Continent"  1ofaindonesiaS°UThe°to'  fTT  3t  the  eastern  ond 
end  of  the  island,  which  is  located  north  J B^LiS  at  the  s°uthern 

is  served  by  a modern  airport  Air  Garuda  m i t-  ?ainland  of  Irian  Jaya.  Biak 
flights  connecting  Biak  with  Los  Angeles,  Hong 

and  UTS6  cooperativ^re sear chWprogramCC>andr the ^i^  °f-f  J°int  Indonesian 

part  of  the  network  of  equatorial  radLs  he^  k ^ radar  Wil1  form  an  integral 
with  the  support  of  the  U.S.  National  ScienceV^d  ^ the  Aeronomy  Laboratory 
constructed  at  a field  station  mainlined  " a ,'oundatlon-  The  radar  will  be 
National  Institute  of  Aeronautics  and  c operated  by  the  Indonesian 

a short  distance  from  the  town  of  Biak  an^th^^ii  • ^ radar  site  is  located 
access  to  a reliable  power  source.  The  ^P^' field llan  airport  with  good 
inland  on  a plateau  about  100  m above  sea  1™  u ^ 1S  aboUt  1 km 

satellite  greund  station  «■«"»  -intaln,  . 

"ill  oper«°P“'sor™‘r,”5"in  have  f iooIVloo!'  "'“T’"''  Isl“d  ■' 

A detailed  description  of  the  Christmas  Island  °°h  coaxial'colllnear  antenna. 
ECKLUND,  et  al.  (1985).  It  is  currenM v e • antenna  is  given  by 

begin  in  the  .iddl.  J U,|  »d  be  -‘U 

references 

array,  H^ndb^Cf^e^anv0i ' B20Ba37ge^8^1985)  ' The  N0AA  T0GA  antenna 
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DEVELOPMENT  OF  THE  UK  RADAR  SYSTEM 

Lance  Thomas 

Department  of  Physics 
University  College  of  Wales 
Aberystwyth,  Dyfed,  UK 

A radar  system  operating  at  46.5  MHz  *Researcl^  ^ounciHSERC)  and  the 

Appleton  Laboratory  of  the  ScienceandEngi  gj  national  facility  funded  by 

University  College  of  Wales  at  described  by  A.  J.  Hall  m a 

**vS 

The  radar  site  is  located  near  w^.°To^ate,  an  antenna  array 

has  been  excavated  to  provtde  a surface  flat To $et  and  tw0 

comprised  of  64  4-element  system  and  associated 

Tycho  transmitter  modules  and  a recel^er’a  TW  conflgUration  has  been  used  to  test  radio 
electronics  are  housed  m a trailer  at  the  site  Th  s conng^  apcrturc  of  5.106  Win* 

interference  levels  and  the  tropopause  and  vertical  incidence  signal 

providing  wind  measurement  P 8 In  preparation  for  the  extension  of  the 

strength  measurements  for  heigh “ 1 ' tJL  constructed  to  which  the  pre-integrator  unit 
system,  a 50  ft  x 22  ft  technical  computer  t0  be  used  for  radar  control  and  real-time  data 
currently  under  test  and  the  n i qoo  The  extension  of  the  antenna  array  to  a total  of  400 

analysis  will  be  transferred  etnly  ml  9K  ^ ^ ^ ^ hoped  to  increase  the  number  of 

iSSesto  five  by  the  autumn  of  1989.  The  enlarged  mean  power  aperture  of  . 

x 107  Wm2  will  be  suitable  for  MST  operation. 
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hardware  design  for  mst, 


ST  AND  LOWER  TROPOSPHERE/BOUNDARY  LAYER  RADARS 
W.  L.  Ecklund 


^^nujny  laboratory 

a lona  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


OVERVIEW 


early  high-powered  tono^LrlcS "Itelrolo 'iV haVe  their  ^oots  in 
studies  of  the  atmosphere'using  Sse  radars T ^ designs'  Short-term 
of  atmospheric  profiling.  Thefe  the  great  potential 

frequencies  from  50  MHz  up  to  3000  MHz  H,,r  e opera5ed  over  a wide  range  of 

^b.  pL.b"if'.fLceS0?J;ir‘‘Te  point  °f 

ion  of  Jicamarca  which  used  a coaxial  - collinear<^antennatarray.With  ^ eXC6p‘ 
i s dedicated  atmospheric  profilers  that  v . 

15  years  span  a large  size  range  in  terms  of  their  develoPed  over  the  last 

a le  1 gives  an  approximate  range  of  power  Power -aperture  product, 

frequency  for  different  sized  radars  classified Tt**  Pfoduct  and  operating 
eve  s which  they  can  observe.  MST  stands  for  mo  Cor  in6  to  the  atmospheric 
sphere ; LT  indicates  lower  troposphere  and  £ ■ strat°sphere , tropo- 
note  from  this  table  that  all  MST  radii  denotes  the  boundary  layer  We 

that  ST  radars  operate  up  to  4of MHz  and  IhTP  P l0WCr  ™F  range  but 
layer  radars  operate  up  to  3000  MHz  W t alio  I I 1<TT  tr°P°sphere/boundary 

present-day  atmospheric  profilerrlxorelsln  ? that  the  s^itivity  of  the 

ranges  over  8 orders  of  magnitude.  6Xpressed  terms  of  power-aperture^Iodud 

Although 'the  t'lbL^y'^ve'lIme^e^Iiro^^^f ST'  T and  LT  radars, 
the  range  of  hardware  designs  (types  of  anting10"!’  ltS  purpose  ls  to  show 
current  atmospheric  profilers  Startle  and  transiTlitters)  used  with 

Of  the  MST  radars  use  Yegi  Interns  vS  Ihe  el  CaCeg°ry-  we  see  thlt  all 

be  explained  primarily  by  the  reauirpmpnf  f excePtion  of  Poker  Flat.  This  can 
antenna  beam  steering.  The  coaxial -collinei  (I^  ^ radars  to  have  flexible 
steering  to  the  plane  perpendicular  to  the  ! antenna  limits  beam 

vantage  that  a number  of  elements  Ire  dllLTr  elements-  b“t  has  the  ad- 
the  cost  and  complexity  of  feed  networks'  The^ST^51"61®  feed  poinC'  reducing 
single  large  tube  (greater  than  inn  l-lt  i ^ transmitters  range  from  a 

distributed  throughout  the  anti™ ■ at  S°USY  C°  transmitters 
tubes  at  Poker  Flat  to  distributed  ..iS-SS  ££££ 

commonly  Js'ld  Pol  llil^lls^TlaTaP  antenna  is  ■<>•* 

number  of  these  radars  operate  as  m„H  ~ • j Probably  due  to  the  fact  that  a 

beams.  For  this  simplifLToIelltLI  ^ °nl*  3 ^xed 

the  advantage  of  simplified  feed  network  ml^ ini  A™ ® adequate  a"d  have 
to  note  that  the  new  commercial  ST  idif  mentioned  above.  It  is  interesting 
antennas.  Although  most  of  the  ST  lldlrl  °P6ratl?g  at  404  «Hz  also  use  co-co 
ters,  there  is  a Lend  toird U.Sg  S 3 5°  kH  tube-^pe  transit- 

designs.  The  smaller  radars  designed  r!f  transmitters  in  the  latest 

troposphere  (LT)  typically  operatf  at  404  P?  br°Posphere  (T)  and  lower 

antennas.  In  addition,  the  Liler  IriLuLI  ab°ve.and  use  a variety  of 
almost  all  solid-state.  ransmitters  used  with  these  radars  are 
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Table  2.  Partial  List  of  Atmospheric  Radars. 


MST  (ST) 


RADAR 

(MHz) 

ANTENNA 

SOUSY 

53 

YAGI 

UHBANA 

41 

DIPOLE 

POKER  FLAT 

50 

CO- CO 

MU 

47 

YAGI 

INDIA 

53 

YAGI 

EQ.  OBS. 

47 

YAGI 

UK 

47 

YAGI 

ST  (T) 

SUNSET 

41 

CO- CO 

platteville 

50 

CO- CO 

COLORADO  NET 

50 

CO- CO 

FRANCE  (LSEET) 

45 

CO- CO 

PENN  STATE  NET 

50 

CO-  CO 

CHUNG-LI 

52 

YAGI 

ADELAIDE 

54 

CO- CO/ YAGI 

TROPICAL  NET 

50 

CO- CO 

PLATTEVILLE 

404 

YAGI 

FLATLAND 

50 

CO- CO 

COMMERCIAL 

404 

CO- CO 

ALASKA 

222 

DISH 

CAPE  CANAVERAL 

50 

CO- CO 

CHINA 

365 

YAGI 

WHITE  SANDS 

50 

CO- CO 

T (LT) 

DENVER 

915 

DISH 

PENN  STATE 

404 

CO- CO 

VPL  PORTABLE 

404 

STEERED  YAGI 

FRANCE 

961 

DISH 

LT  (BL) 

NEL  (RICHTER) 

3000 

DISH 

VPL  (FM-CV) 

3000 

DISH 

NOAA  (AL) 

915 

MICRO  STRIP 

transmitter 

LARGE  TUBE 
LARGE  TUBE 
DIST.  MED.  TUBES 
GIST.  SOLID-STATE 


COMB.  KED.  TUBES 
DIST.  SOLID-STATE 
COMB.  MED.  TUBES 


LARGE  TUBE 
MED.  TUBE 
MED.  TUBE 
MED.  TUBE 
MED.  TUBE 
MED.  TUBE 
COMB.  SOLID-STATE 
MED.  TUBE 
SOLID- STATE/ TUBE 
KED.  TUBE 

MED.  TUBE/SOL ID-STATE 
TUBE 

LARGE  TUBES 


TUBE 

LARGE  TUBES 


SOLID-STATE 

TUBE 

SOLID-STATE 

SOLID-STATE 


TUBE 

TUBE 

SOLID-STATE 
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Continuing  improvements  in  signal  processing  ^df  t0 

coded  transmitter  pulses  increasing  y a general  they  are  better 

favor  the  v.e  ^""■“"'"oUrjo^lble  »!«.  coder,  pul.ea. 

suited  to  operation  at  the  h g transmitters  since  they  use  low 

Safety  considerations  also  favor  so  - addition  new  developments  in 

voltages  that  are  not  d*"6^ous  to /will  bl capable of  unattended  operation  in 
small  (LT)  radars  suggest  tha  y , nrofilers  with  acoustic  sources 

remote  locations.  FinaUy,  using  a (£  di  Acoustic  Sounding  System) 

to  obtain  temperature  profiles  with  the  (Radi  been  demongtrated 

s - -s  s ss 

particularly  if  the /^“^^^pr^arily  to’ acoustic  attenuation.  The  use  of 

addition  to  operational  wind  profilers  in  the  future. 

SUMMARY  OF  HARDWARE  DESIGN  SESSION 

™ this  session  covered  a number  of  hardware  design 

Papers  presen  ~ rbp  desien  of  new  antenna  elements  to 

subjects.  Antenna  topics ibratine  array  antennas.  Antenna  element  designs  for 
steering,  feeding  and  calibrating  y Observatory  were  presented  as 

a new  Yagi  antenna  for  the  planned  Sq^torUl micro  strip  antenna  for 
were  designs  for  a novel  hexagona  gr  antenna  papers  discussed  steering 

use  with  lower  troposphere  Prof  “«* ' °*?*  i„dtan  ra^r  and  calibration  of 

for  the  Flatland  radar,  fee  LSEET  (France)  suggest  that  the  height 

the  Chung -Li  antenna.  Remits  from  LSEET^Fr^  ^ gg  ^ meters  above  the 

tiHLTf  a low-power  KEt.  as 

sZLsrz- p.5«.  f rr&x-  n~ny. 
=•; *-  *■ m 

quency  could  be  used  In  all  * . since  their  design  and  use  spans 

science . 
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THE  FLATLAND  RADAR  ANTENNA  STEERING  IMPLEMENTATION 


J.L.  Green  and  W.L.  Clark 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  CO  80303 


1 

are  provided  for  each  line  oidiXl  fo  Jhat  ir  ilT^L ^ sMfter  Units 

ofr«“;"  *"S  ^ir‘*ntly  »y  th.  Ph.L  iSn  StS,TeS"*n“s 

« ^"•r..Es;tt.V5'”.^:rcr tssr’  fr”  h~!”" » ««■ 

phase  increments  of  l/2y  l/^l/fj  l/32bll'ad/  Cy?/i/  that  iS’  summable 

switched  in  or  out  of  the’ '^LS^of  rh  ^ be 

StT^a-inScSs  r;0T  **“%?“  ^^600 

the  absence  of  radio  frequency  power  10  operatl°"s.  if  switched  in 
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Green,  J.L.,  G.D.  Nastrom,  K.S.  Gage,  T.E.  VanZandr  U T n *>-1,  ^ 
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FEEDER  NETWORK  FOR  THE  INDIAN  MST  RADAR 


B.  K.  Sarkar,  P.  B.  Tole,  and  A.  Agarwal 

Society  for  Applied  Microwave  Electronics  Engineering  and  Research 
IIT  Campus,  Hill  Side,  Powai 
Bombay  400  076,  India 


INTRODUCTION 

T,  „ InHian  MST  radar  Work  started  in  March  1987.  The  radar  is  to  be  made 
■ Th?  K Wmtr  1991  The  Indian  MST  radar  is  a phased  array  radar  consisting  of 

frequency  is  53  M . P ^ aperture  power  distribution  follows  a modified 

±20  north-south,  ±20  e antennas  are  achieved  in  one  direction  by 

FEEDING  NETWORK  CONFIGURATION 

rn 

g§ 

two  polarizations  (north-south  or  east-west),  two  fSPDT*  will  be  used 

'jteSK  W » a doplexet.  11-.OWJ.  rfjbj 
(SotTuSSJ  .0  a Sifh  (SStST  !te  „«™a“S)  ^ rigid 

(SPDT)  ls  connectea  to  a B P output  of  the  power  divider  is  connected  to 

Sg  capacitances  and  inductances)  will  be  ““d  f»  l»w» -M .M«*2S  W ■ Tta™J 
number  of  distributed  and  lumped  couplers  are  608  and  1312  resP^ely.  txpenmen« 

"nil  ISd^sSKn  location  of  d,e  huts .are  opnnnieed 

to  ge  minimum  possible  cable  length  required  to  connect  the  transmitters  » *c  »nP“‘  of  die 
power  divider.  The  electrical  length  of  the  cable  from  each  transmitter  to  mput  of  the  ^wcr 
divider  is  kept  equal  The  one-way  loss  due  to  feeder  network  is  about  2.8 
dSSiexer  and  SPDT  switch  losses)  The  calculated  bandwidth  for  the  center-fed  feeding 
network  is  about  3 MHz.  Table  1 gives  the  various  components  of  the  feeding  network. 
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Figure  2.  MST  radar  feed  network  configuration. 


F'g  3(a)  RESPONSE  OF  10.0  dB  DISTRIBUTED  DIRECTIONAL 


Fig  3(b)  RESPONSE  OF  5.0dB  LUMPED  COUPLER 


ru,5Si3coupai)erReSPOnSe  °f  10  0 dB  distributed  d*recti<>n  coupler,  (b)  response  of  5.0  dB 
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Table  1 . Components  for  the  Feeding  Network. 


In-phase  power  divider  including  power  monitor 
for  phase  calibrator 

High  power  SPDT  switch 


64  Nos. 
32  Nos. 


Couplers: 

a.  Distributed  type 

b.  Lumped  type 

LCF-CU2Y  1 5/8"  coaxial  cable 
LCF-CU2Y  7/8"  coaxial  cable 
50  ohms  rigid  line  1 5/8" 


608  Nos. 

1312  Nos. 

5.2  K.M. 

8.2  K.M. 

500  Nos.  (2.3  meters 
length  each) 
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™nUX  m " —1C  SOURCE  «.  S URF  WIND  PR„FILER 

'•  ' “•  L'  ECk‘“d'  “ * «■  - B.  B.  Balsley 

, „ Aeronomy  Laboratory 
National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


(the  47  MHz  MU  radar)  in  the  radio  acoustif  sound!  * wind-Pr°f  Uing  radar 
measure  temperature  profiles.  Follow!™  Jhefr UndlrVyStem  (PASS)  mode  to 
small  915  MHz  wind-profiling  radar  lEntfiron  *5  ^“"P1®*  in  October,  1987  a 
with  an  acoustic  source  to  fb^in V ° 6t  al-  1988>  also  operated 

(CURRIER  etal.,  1988).  L our  adaptaMon^f  USin«  th®  PASS  technique 

acoustic  source  is  stepped  or  swep/acros^  tho  ^ techni9u®  a continuous 
wavelength  in  the  atmosphere  of  1/2  the  r!dar  ff**»®ncies  that  have  a 
given  height  is  determined  (with  cor«ctio^  f 11,6  ten>P®rature  at  a 

component  along  the  radar  beam)  by  notine  the^  relativc  humidity  and  the  wind 
maximum  radar  return  at  that  height  (Brafg  matchin^^  Pre?uency  thflt  gives  the 

showedPer8HUre  proflles  measured  with  thesis  MHz  RASS  Pr®1^minary  comparisons 
showed  good  agreement.  D mz  RASS  and  by  a nearby  balloon 


temperatures  mfasured^n3 th^RASS  modeWlnd  f0n,ponent  al°ng  the  radar  beam  the 
temperature  measurements  with  relativelv^i^b  C°rrected  f°r  wind  speed  to  give 

in  the  RASS  mode  are  the  noise °pollution°fromSthith  °peratinS  the  915  MHz  radar 
and  the  limited  height  coverageP(up  to  i w*  c°ntinuous  acoustic  source 

primarily  to  acoustic  attenuation  t 1 km  above  the  surface)  due 
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A „ICROSTRIP  ANTENNA  ARRAY  FOR  UHF  WIND  PROFILING 
W.  L.  Ecklund 

Aeronomy  Laboratory  . 

National  Oceanic  and  Atmospheric  Administrati 


, at  915  MHz  has  been  developed  at 

A small  boundary  layer /pcKLUN^et  al  & 1988).  The  radar  uses  a microstrip 
NOAA's  Aeronomy  Laboratory  (ECKLUND  et  * - transmission  lines  on  a 

antenna  panel  which  combines  radiat: ^9  meter  circuit  board  (based  on  a 
single  printed-circuit  board_ 98^ls  mounted  above  a lightweight,  rigid  metal 
design  by  ASHKENAZY  et  al.,  1983)  structure  for  the  antenna  and  also  the 

honeycomb  panel  that  is  both  a suPP°^f  ^cturetor  is  at  a single  point  near 
antenna  ground  plane.  The  RF  connection  to  the  bo^  ^ ^ n f the 

the  center,  and  the  connector  i ^ radiation.  A single  antenna 

16  patches  are  driven  in r 0ne way  beamwidth  of  18  degrees  and  modules 

srs:  — area  and  beanwidth- 

The  microstrip  antenna  pane gr oun^ t o'" rlduce  unwantedVound  clutter^ 
lends  itself  to  mounting  low  to  | antenna  panels  either  fixed  in  azimuth 

To  date  we  have  operated  the  “^rostr  P f rom  zenith)  and  rotated  in 

and  elevation  or  fixed  in  elevation(15  degre  ^ ^ tough>  weatherproof 

azimuth.  Although  the  "v®  panel  reduces  antenna  efficiency, 

cover,  we  have  found  that  «ater  ^omPthe  circuit  board  by  several  cen- 
However,  if  the  water  is  separa  negligible.  This  suggests  that  either 

timeters,  the  reduction  in  eff^e"cy  6 | low.ioss  spacer  material,  or 

S«botSdp”™i  151  Svl,%coT.  £“  °"r“1,,n 
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a r,  Treves  (1983),  A modular  approach  for  tn 

AShkedesignJof  micros tripC array  antennas,  lE^LTrans,^^ 

AP-31.  190-193. 

, t,  n Ralslev  (1988),  A UHF  wind  profiler  for  t e 
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hexagonal  grid  phased  array  for  wind  profiling 

R.j.  Jost,  J.J.  Wilcox,  and  K.S.  Kelleher 

System  Planning  Coiporation 
Arlington,  Virginia 


I.  INTRODUCTION 

an'cnna  sys^e^desi^nSeforw1n^troWing^0^stemeTC^riTOancle^e^0man^e  °f  3 phaSed 

main-lobe  to  side-lobe  ratio,  and  the  half-poter  Tn^'S  meas^d  by  Principal  gain, 

antenna  elements  one  wavelength  apart  (wuilatml^Li^  arraycreated  by  Placing  individual 

reasonably  insensitive  to  random  en-ors  in  phase  shift.  * 8 S°na  exaSonalgrid  is  shown  to  be 

may  not  be  generally  optimalTnTamf  of  minimum  number  of  elements, 

between  elements  exceeds  one-half  waveleneth^t  s^^T'^' faCt’ the  aPParent  separation 
formation  of  grating  lobes  at  the  horizon  This  can  residHn  ^ ^f  aspects  and  results  in  the 
horizontal  to  the  array  (around  climeri  S Can,re  u .ln  slgmFicant  return  from  the  plane 

controlling  die  elemem £ the  Sum  e,ement  pattern-  By  carefully 

-40  dB  from  the  main  beam  of  energy  radiated  m the  ground  plane  may  be  reduced  to 

performance  indices,  ^hifway^  phase  errors  t0,the  degredation  of  the 

indices  are  sensitive  to  phase  ereor  Also  it  can  be  deSrm^^h  f°  whlcb  of  the  Performance 
tolerated  and  still  have  the  system  meet  a ^ phase  error  can  be 

II.  SYSTEM  DESIGN 


elements  ^ng^Un  e^  is  composed  of  61 

*****  of  one  wavelength  (Figures  1 . 2).  The  £ .* 


z 
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Figure  1:  3 Dimensional  Coordinate  System 


Figure  2:  Top  View  0!  61  Elemem  Wind  Prolifer  Syslem 
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reflective  trough  designed  to  reduce  the  amount  of  of  Figure V^the  distance  from 

Fjsxttttzzzz? sssss * — - - ° sj  1 - - y 

direction.  u.  calculated  by  combining  the  element  factor 

of  SST  * by  — , .be  contributions  of  e,cb 

element  according  to 


4 Hk]-8],step  2 f lW  ^?ep2  2 

E(»,*)»20loglX  £ AuexpWdblMyVHt^l-ia^i  jL  Vi 

k=^4  j=[k]-8 

where:  Akj  = voltage  driving  the  kj*  element  _ 

U = sin0cos(|),  V = sin0sin<t»,  i = 


(1) 


«k . = phase  shift  of  the  kf  element  relative  to  the  center  element 

The  second  term  in  (1)  normalizes  the  power  gain  so  that  it  can  be  expressed  in  dB,  (dB  relative  to 

“ 'Tel  (“'2  direction  of  maximum  field  imen^ nccmwb«,  oy 

altering  the  relative  phase  shifts,  the  main^  ? currently  configured  to  take  data  at  4 

envelope  of  the  individual  eleTOntpatrem.  y (vertical  beam  position).  These  beam 

■* sou,h "d  wesl  d,recuo"s 

respectively  (Figure  1). 

PFRFORMANFF.  CRITERIA 

System  perfonnance  is  measured  in  terms  of  the  following  performance  indices: 

- Main  Lobe  Gain  - Gain  at  the  main  lobe  in  dB  relative  to  an  isotropic  source  (dBi) 

■-  mam  lobe  from  the  maximum  to  the  half-power  point. 

In  Figure  1 the  far  field  al^and^lM)  degrees  of 

3 indi“s  “ affec,ed  by 

random  phase  error. 

Ill  PHASE  ERROR  ANALYSIS 

above. 

PH^cffpror  ASSUMPTIONS 
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distribution  depend^n  the  phase^hi^r  used^owT T tt^f' n^'00  The  nature  of  the  error 
about  Aaj>  the  error  tern,  ^ ^ ™de 


* ' I™*™  contributed  by  any  phase  shifter  Aaj  is  independent  of  the  error  term 

associated  with  any  other  phase  shifter  Aak  (k/j) 

devlSon  C"  ,1“1  “ draW"  fr°m  ,he  samc’  G“ssi“  "ismbubon  wUh  standard 

arandal^g*^^^  deviaticnr of irs disuibniion,  As rhe 

expected  value  of  the  phase  shift  decreases.  P 'Y  thdt  the  aCtua  phase  shlfter  Wl11  lje  near  the 

PROCF.m  TRF 

shifter^e  val  i u ated )™rom ^ he' same  Gmiss: ian *d  i sh-ilf 'tT*  efTOrS  (°ne  error  term  for  each  phase 

performance  of  the  sysTem^ Sr £Se Standard  deviation-  Next’ the 
new  set  of  phase  errors  is  drawn  from  the  ^ Uate<?.’  HavinS  evaluated  the  system,  a 

architecture  is  evaluated.  This  process  is  repeated  umdX"  T*  SyS‘fm  Perf^mance  for  thls  new 
obtained  to  define  the  distribution  for  the  performance  index.1*8  Samp  CS  of  Performance  have  been 

with  a givlnWs,!^^  SyiSe^l  Ce  3 gWen  Set  °f  error  terms 

deviation  of  the  error  tenm and  examine  hnw  ,h  ? be  to  increase  the  standard 

performance.  examine  how  that  error  distribution  would  affect  system 

INTERPRRTATrON 

any  desired  level  of  confidence  in  a given Stance  index  " SyS*em  ‘°  **  deSig"ed  wi,h 

CALCULATIONS 

Using  the  method  outlined  above  the  effects  of  nrw-iom  . 

quantified.  The  ’amount'  of  error  Drese’nt  is  rJnriL  1 j u l phase  ,eiTOr  on  beamshape  can  be 
errors.  This  value  has  been  measured  at  mm-rf  the  standard  deviation  of  the  phase 

performance  index  is  1J“  «!»«'  ™Iue  of  each 

phase  error  standard  deviadon  can  vidd^iflrSvTrr™! T.  func!,<>n  «'  error.  A given 

values  of  the  phase  error  That  is  beamshapes  depending  on  the  exact 

allows  rhe  exSd  ,7nes  for  Jre SSLSW  . T"”'  *™"»"  »' 'he  error , cm, s only 

vainer  fen  pA  shif, 8iU“  "" 

Main  Lobe  Gain 

When  rSrm X'^rlnK^n^r'  ""a™  l<,be  “ ^ <°  <*  ™ dBi. 
lobe.  In  Table  1 this  degredalion  i^mndfiT  V loss  *lln  « 'be  main 
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standard  deviation 
of  error 


1 degree  46.68 

3 degrees  46.67 

5 degrees  46.65 

15  degrees  46.38 

30  degrees  45.49 


standard 

mean  power 

deviation 

loss 

2.27E-04 

0.00  dB  (0.0%) 

2.04E-03 

0.01  dB  (0.0%) 

5.68E-03 

0.03  dB  (0.1%) 

5.13E-02 

0.30  dB  (6.7%) 

2.08E-01 

1.19  dB  (24%) 

Table  1.  Effects  of  Error  on  Main  Lobe  Gain 

mean  gain 


3dB  Beamwidth 

Using  the  procedure  outlined  in  section  2.2  the  degradation  in  the  3dB  beamwidth  can  be 
quantified.  The  results  appear  in  Table  2. 

Table  2.  Effects  of  Error  on  3 dB  Beamwidth 


stanHard  deviation  meanBW  sU^rd  deviation 

of  error 


1 degree 
3 degrees 
5 degrees 
1 5 degrees 
30  degrees 


6.5  degrees  0.0170  degrees 

6.5  degrees  0.0511  degrees 

6.5  degrees  0.0853  degrees 

6.5  degrees  0.2578  degrees 

6.5  degrees  0.5246  degrees 


These  results  can  be  interpreted  as  follows:  Errors  in  phase  shift  can  either  increase  or 
decrease  the  3 dB  beamwidth  and  are  equally  likely  to  do  either.  As  the  error  increases,  the 
deviations  from  6.5  degrees  increase  in  magnitude. 


Main  I^obe  to  Side  Lobe  Ratio 

In  Table  3 we  present  the  effects  of  random  phase  error  on  the  main  lobe  to  side  lobe  ratio 
Recall  that  Side  lobes  are  evaluated  along  a N-S  azimuthal  cut. 

Tahle  .3.  Effects  of  Error  on  Sidelobe  Level 


standard  deviation 
of  error 


mean  ratio  Standard 

deviation 


1 degree 
3 degrees 
5 degrees 
15  degrees 
30  degrees 


18.51  dB 
18.51  dB 
18.51  dB 
18.81  dB 
20.94  dB 


0.0843  dB 
0.2518  dB 
0.4229  dB 
3.220  dB 
9.350  dB 


IV.  CONCLUSIONS 

It  has  been  shown  that  a 61 -element  phased  array  system,  configured  as  in  Figure  2,  is 
relatively  insensitive  to  errors  in  phase  shift.  Also,  system  performance  will  not  be  significantly 
affected  by  errors  in  element  location  as  this  is  also  a form  of  phase  error 

Actual  errors  in  phase  shift  for  this  system  have  been  measured  and  in  g ure  5 a far  tie  Id 
Dattern  based  on  these  measurements  is  presented.  For  comparison,  the  error-free  field  pattern  is 
also  presented  and  the  difference  is  highlited.  The  standard  deviation  of  these  error  terms 
approximately  9 degrees. 
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Antenna  Design  for  an  Equatorial  Radar 

Toru  Sato*,  Shin-ichi  Taniguchi,  Shoichiro  Fukao, 
Toshitaka  Tsuda,  Mamoru  Yamamoto  and  Susumu  Kato 

Radio  Atmospheric  Science  Center,  Kyoto  University 
Uji  611,  Kyoto,  Japan 


1 Introduction 

A large  47-MHz  Doppler  radar,  which  is  to  be  constructed  on  the  equator  in  Indonesia,  is  under 
t Jgf  at  the  Radto  Atmospheric  Science  Center  (RASC),  Kyoto  University  The  importance 
of  studying  the  equatorial  region  in  understanding  the  global  climatology  has  been  pointed 

wtsto  of  the  MU  radar  at  Shigaraki,  Japan  which  is 

designed  to  cove,  — 

,‘S  n'eTr«d“^“a“  t should  be  able  to  observe  the  entire 

be  studied.  Here  we  report  the  current  status  of  the  antenna  design  for  this  equatonal  ladai. 

2 Technical  Specifications 

Rased  on  the  experiences  of  the  MU  radar  and  other  atmospheric  radars,  it  is  requested 
flmt  the  new  radar  should  have  about  ten  times  more  sensitivity,  or  namely,  the  power- 
aperture  product,  than  that  of  the  MU  radar.  Taking  the  advantage  of  availability  of  wide 
area  in  Indonesia,  it  has  been  decided  to  realize  this  enlargement  intern,  tft * “ 
aperture  rather  than  the  transmitter  output  power,  which  means  that  the  antenna 

As  fo^UiTsteerability  is  concerned,  it  is  requested  that  we  can  point  the  antenna  beam 
nernendieular  to  the  magnetic  field  at  ionospheric  heights,  which  condition  takes  place  when 
!he  beam  is  tilted  20°  from  the  zenith  to  the  north.  From  meteorological  viewpoint  it  is 
desirable  to  have  a steerability  as  flexible  as  possible^  The 
antenna  beam  can  be  pointed  to  any  direction  within  thezen.thangleof20 

Other  practical  requirements  are  that  the  entire  array  ^ hernia  Sements 

periodic  arrangement  from  constructional  considerations,  and  that  the  all  antenna 

should  be  identical  from  economical  reasons. 

•Now  at  Department  of  Electrical  Engineering  II,  Kyoto  University,  Kyoto  606,  Japan 
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Fig.  1.  Arrangement  of  antenna  elements  in  an  array.  The  left  panel  shows  the 
sub-array  configuration,  and  the  right  panel  is  for  ordinary  triangular  array. 


Considerations  on  a Sub-array  Design 


Under  the  constraints  stated  above,  we  first  tried  to  minimize  the  number  of  transmitter 
7',  (TR),modules’  whldl  has  functions  of  phase  shifting,  power  amplification  and  TR 
‘7,nn5  and  natur?I‘y  1S  tlle  most  costly  component  in  the  entire  radar  system 
The  idea  was  to  feed  a group  of  4 antenna  elements  by  a single  TR  module  and  arrange 
ie  groups,  w nc  i are  called  sub-arrays,  on  a equilateral  triangular  grid.  Figure  1 schemati 
tally  draws  the  arrangement  of  the  array  for  this  sub-array  design  on  the 

equilateral  trrangular  arrangement,  as  used  for  the  MU  radar,  on  the  right.  Each  + sign  in 
the  figure  denotes  an  array  element.  6 s 

It  IS  known  that  a equilateral  triangular  grid  provides  the  largest  steerability  of  the  antenna 
learn  foi  a given  spacing  between  elements.  By  choosing  b = v/3a/2  in  the  left  panel,  the  ele- 

1 ? V’  ?U  * aila'S  const'tute  a rectangular  grid,  while  sub-arrays  are  arranged  on  triangular 
gnd.  In  the  right  panel,  4 « ^aj 2 and  c = a/2  for  the  equilateral  triangukJ  grid  § 

If  we  choose  that  a = A.  where  A = 6.38  m is  the  radar  wavelength,  we  can  obtain  an 

TR  nu1 1 r Ti  afUt  teU  timeS  larger  than  that  of  the  MU  radar  with  the  same  number  of 
)<  u es.  ie  laigest  advantage  of  this  design  is  that  we  can  apply  entire  MU  radar  design 
to  the  new  radar  without  any  modifications  except,  for  the  antenna.  This  conservative  wav 
reduc^tlie  chances  of  troubles  in  constructing  a large  system  at  a very  distant  Eta 

However,  this  sub-array  design  obviously  have  a problem  of  grating  lobes,  since  the  spacing 
between  lie  sub-arrays  is  as  large  as  2A.  With  a periodic  array  configuration  several  2 
lobes  with  comparable  magnitude  to  that  of  the  main  lobe  appear  even  w ll  a small b am 
steering  angle  from  the  zenith.  This  problem  can  be  reduced  to  some  extent  by  relaxing  the 
onstramt  on  the  periodicity  of  the  array.  However,  a large  deviation  from  the  ,L^ic  an^y 
suth  as  a landom  array  configuration,  should  be  avoided  for  two  reasons:  Firstly,  the  mutual’ 
<oup  mg  Je.ueen  cements  becomes  variable  from  element  to  element,  resulting  in  phase  and 

conV  11 1°  0n01S)0  ' 10  eleniCUtS’  which  are  liard  t0  evaluate  nor  to  compensate.  Secondly  the 
. auction  and  maintenance  becomes  more  complicated  and  difficult  than  a periodic  array 
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F*.  Antenna  pattern  for  a ^circular  ,1*“*  m 

“Strld  S ZS B„e  i,  for  . bo™  -h  10-  roobb  angle. 

pacings  between  the  vows  and  columns  o e ^ ^ exampie  0f  the  total  antenna  pattern  for 
he  arrav  toward  the  outer  edge.  Fig  «ftn  w;+h  a sub-arrav  configuration  and  a 

, quasi- circular  array  having  a diameter  of  about  300  m.ja.wb.  ^ * (h(,  of 

miforni  space  tapering.  Spacing  between  e pattern  used  in  this  figure  is  an  empirical 

l,c  array  to  « = 1.1A  at  the  outer edge.  ^ poinU„g  beam, 

rue  for  a single  Vagi  antenna.  The  ““  1“  S,  J’ M shovm  i„  this  pattern,  the  space 
and  the  dotted  line  is  for  a beam  with  10  ze  ^ g .Qn  a )eS(  but  has  little  effect, 

tapering  is  effective  in  scattering  the  te  the  same  with  a lar  ger  tapering  of  as 


Design  of  the  Array 

«„Cgh8  of^each  TR  ZS£»\l*  « U»«  * the 

igbt  panel  of  Fig,  1 tot  the  current  plan  for  the  arrangement 

he  zenith  is  0.83A,  or  5.3  m at  4<  MHz.  Figu  • each  of  which  contains  01  array 

>f  the  antenna  array.  The  entne  anay  con  ^ ’is  a minimum  unit  which  can  be 

dements  and  identical  number  of  TR  modules,  me  g 
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denote  array  elements,  and  '2^^  al^the  bootli 717“'  ^ “ the  figure 

t0t  FiS«reb4eri°f  "T  iS  2’616  «""*■*  »“  »ea  of  63,600 rf!""  Th° 

the  same  etnpSid meZZZ C Fm  f tT  "T,*5 1'T"  ‘"  FiS'  3 T1,c  *'»™<  Pattern  « 
•he  antenna  loam  *"»  «*  *«*»  when 

one-way  half-power  beamwidth  is  1 2°  The  first  Ji  m 1 7 dueCtl0ns’  respectively.  The 
>ohe  level,  am,  low  elevation  »*»*""  «“ * - 

5 Design  of  the  Element 

an*!  «»  •**  st  me- 

optimization  procedure  as  used  for  desimins  theTa”'8  )an°US  Polai nations.  A numerical 
element  gain  by  adjusting  ,L„t8  MU  radar  18  ^“Ployed.  It  maximizes  the 
fleeting  pJSi!,  r 'i|,a"','BS  ,,f  5"W”|S  it  the  absence  of  the  re- 

the  elements  are”,  m i^^“  ™'  *■“  «'  hetween 

have  identical  current  The  Z»  T'""S  **  a,ray  *»  " hir-h  all  elements 

with  more  than  a ,w  "Sf  * 

amin^^™*^ 
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width  is  1.2°. 

Yagi  has  an  element  gain  ve„  close  to  the  theoretical 

acea  which  an  element  occupies,  it  showed  a ® £ "belement  Yagi 

S3i S^eSaHsSSSs 

:in1:7Pa  four-subelement  Yagi  and  its  characteristics.  The  four  panels  snow  ,VQWn\ 

tlie'rewttance  components  of  the  active 

££ZZ&ZS  , The  dashed  line  in  the  hguc, 

of  gain  shows  the  theoretical  upper  limit  of  the  element  gam. 


6 Summary 

Current  status  of  the  antenna  design  for  the  new  equatorial  ^ay 

r«r  Lign  consisting  ot foncanbelement  YagiY  were 

presented. 
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STMTJS  OF  TOE  KO«EDY  SPACE  CENTER  ASCENT  WDB  PFOFILER 


Paul  Johnston 

Tycho  Technology 
Boulder r Colorado 

A new  wind  profiler  to.  .fried  ^“""^.tS'ne^r'tto 

(KSCt . This  radar  i to  giv.^SA  incre.md  information  about 

SMT ' &'  info^lion  JC  rito’T.’lM'Sv^ 

The  system  currently  o^rating  at  *f "ST the 
the  final  system.  It  is  ope rating  1 ^ Table  1 shows  the  current 

solid-state  predriver  amplifier  for  » transmitter,  raoie 
capabilities,  and  the  final  system  capabilities. 

Table  I. 


Nasa  Kennedy  Space  Center  Ascent  Wind  Profiler  System 


Antenna 

Elevation  Angle 
Azimuth 

E Plane  Beamwidth 
H Plane  Beamwidth 
Sidelobe  levels  Q 
Elevations  >40 
5°  < elevationQ<  45 
Elevations  < 5 
Transmitter 
Peak  Power 
Average  Power 
System  Noise  Temperature 
Time  Resolution 

(full  wind  vector) 
Spatial  Resolution 
Number  of  Range  Gates 
Pulse  Coding 


PRESENT 

CONFIGURATION 

90°  75° 

45°  135° 

2.9* 

2.7° 

< - 20dB 

< - 25dB 

< - 40dB 

4 kW 
400  W 

< 500  K 
6 min. 

150m  and  600m 
56 

8 Bit  Complimentary 


FINAL 

CONFIGURATION 

90o*  75°o 
45°.  135° 

2.9* 

2.1 


< - 20dB 

< - 25dB 

< - 40dB 


250  kW 
12.5  kW 
< 500  K 
3 min. 

150m 

112 

8 bit  Complimentary 


The  current  system  operas  .Xr’S.'Ei  600  ^ter 

resolution  to  get  winds  in  th  P°  P osphece.  Figures  1 and  2 show  wind 

— * u»  fd„.  * 

consensus  average  is  used  to  omit  noise  points. 

Th.  installation  of  the  final  buildin,  and  the  hi„h  power  equip-to  will 
take  place  in  the  spring  of  1989. 
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Fig.  1 Wind  fieid  measured  with  150m  resolution  by  the  KSO  50  MHz  Radar 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


ORIGINAL  PAGE  IS 
Of  POOR  QUALITY 


2 UInd  Held  .e.suz.d  „tth  600.  n»olutle»  b,  tb.  KSO  50MHz  Rzdzz 
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LONG  RANGE  PLANNING  FOR  DEVELOPMENT  OF  FULL  MST  CAPABILITIES 

AT  EISCAT 

GUdm^AWrSbergo’  JUrgen  ROttger  md  LaHoz 
EISCAT,  Box  812,  S-981  28  Kiruna,  Sweden 

P.J.S.  Williams 
University  College  of  Wales 
Aberystwyth  Dyfed  SY23  2AX,  UK 

ass  . 

JJlfISACAT  radars  werc  originally  planned  only  for  ionospheric  work  (BARON  1984 

achieve  drrpntnh]^  ct  r , . ^ ® out  will  now  make  it  very  hard  to 

dtmeve  acceptable  ST  performance  without  major  redesign  Snme  of  ™ • 

system  parameters  are  listed  in  Table  L J ^ f th  ore  imPortant 

Present  status: 

SSSSS 

even  though  conventional  wisdom  woukThave  it  that  th! T Ae™so*Phere’ 
within  the  viscous  subrange  (ROTTGER  et  al  19881  Thi«  ^ wavelength  should  be  well 
continually  growing  intend  L,™ t V 

countnes,  has  prompted  the  Scientific  Advisory  C^tS  ^E^rA^  member 

arable  MST^e,S™h0W  *' 

be  achieved.  316  Probably  vay  close  to  what  may  ultimately 

h“'  *«  ^eloped,  which  can  rnn 

necessary.  They XTSe « ot « “ “y  ch*"S“  “>  *•  ‘1*»  being 

resolution  dowi l ,o  ££  Z “ „ 

become  pan  of  ihe  program  library  available  10  all  visitors  in  the  immediate  ST* 
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TABLE  1:  System  parameters  of  the  EISCAT  radars 


UHF 

Transmitter  type 

Transmitter  bandwidth  (MHz) 

Associated  altitude  res.  (m) 

T/R  switching  time  (us) 

Radar  controller  time 
resolution  (us) 

ADC  resolution  (bits) 

Max.  sampling  frequency  (MHz) 

Associated  buffer  memory  (words) 

Buffer  memory  available 

when  sampling  at  500  kHz  (words) 

Preprocessor 

Correlator  max.  multiply-add 
rate  (MHz,  complex  products) 

Correlator  input  word  length  (bits) 

Correlator  result  memory  (words) 

Raw  data  disc  storage 


3.0 

50 

? 

1 

8 + 8 
10 

4K  complex 

16K  complex 

- not  available  - 


5 

8 + 8 

4K 

450Mbyte  total 


VHF 

- multicavity  klystron  - 
> 8.0 
< 19 
> 100 

1 

8 + 8 
10 

4K  complex 
16K  complex 

5 

8 + 8 

4K 
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TABLE  2.  Design  targets  for  the  MST  upgrading  of  EISCAT 


Range  resolution 

Associated  modulation  bandwidth 

T/R  switching  time 
Radar  controller  time  resolution 
ADC  sampling  frequency 
ADC  resolution 
Buffer  memory  capacity 
Preprocessor  throughput  rate 


15  m (dedicated  transmitter) 

45  m (existing  VHF  transmitter) 
10  MHz  (dedicated  transmitter) 

3 MHz  (existing  VHF  transmitter) 
>50  us  (existing  VHF  transmitter) 
100  ns 
10  MHz 
>10  bits 

>4  K complex  words 
>4  M complex  samples/s 


Discussion: 

* no.  well  suUed  for 

increased  by  any  known  means-  funhpn™™  dth  f ?e  Uystron  transmitter  cannot  be 
system  borders  on  the  European  TV  Channei  1 1 onAe\^TCy  alloCat‘°n  for  the  VHF 
transmitted  bandwidth  can  only  be  achieved  after  c w s}^e’  so  a S1gnificant  increase  in 
of  presen, 

orem^wi^s  K”  h “b“,!a“d  “ “*"0*".  beoraso  the  VHF  radar 

=«h  of  which  4 “C  to  in,“  "w 

receiver,  which  is  l iJt  X « £ FT*  *“  °f  1,16 

acceptable  for  stratospheric  work  as  it  is  A ‘noSSS  ? a * Ae  system  marSinally 
Kiruna,  Sweden,  has  plans  to  do  a series  of  E InStltUte  of  SPace  Phy^s, 

should  lead  to  mote  conclusive  knowledge  aK  £- 2? f * ™&CS  during  1989’  which 
resolution  will  still  be  limited  toVTSh m atto  ^ performancc-  The  altitude 

1fting  PiCCe  °f  in 

looping  conditional  branching  or  subroutines.  It for 

.oo  ns  ami„g  a a a ssees 
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coding 

the  binary  phase  modulator  of  the  VHFwtt :Ww*  £ at  3 ^ Any  further 
but  it  is  likely  that  it  can  be  made  to  pe  dedicated  wideband  transmitter,  possibly  of 

improvement  would  require  the  inttnllanon  o regularly  for  MST  work  than 

relatively  low  power,  which  could  then J *. •£“? £££&£*  be  kept  in  operadon 

today. 

in  the  mesosphere  experiments  £££ * 

sigawissrS" 

Using  die  core.la.or  as  a preprocessor  amounts .to 

buffer,  where  the  decoded  data  samples  are  y ^ 4K*32  bit  memory  can  only 

next  processing  stage.  When  partitioned  into  ^ ^ lack  of  double  buffering  at 

accommodate  some  60  range  gates.  Even  ™°^  f t j t 65  ms  in  the  sample  series 

the  output  to  the  host  computer;  this  tl  p eTn^ation  intervals  at  224  MHZ 

whenever  data  are  dumped,  t.e.  therefore  not 

High  frequency  resolution  studies  using  long,  uninterrupted! 

practical  at  present. 

The  (8+8)  bit  word  length  of  the  correlator  is  almost  an  0^^S^nJ^o{  which  perhaps  10  - 

purposes.  It  provides  an  ||;stan^eous  d^  ld  ^ sufficient  for  normal  mesosphere 
15  dB  are  actually  used  in  IS  work.  It  were  rcduced  However,  processes  like 

work,  if  the  gam  of  the  andog IP  excess  of  this  dynamic  range.  At  stratospheric  and 

the  PMSE  occasionally  provide  # “ at  Tromso.  using  the  existing  antenna,  is 

tropospheric  altitudes,  the  amount  of  ground  ^^^mse  limitations  have  been 

is  already  in  progress  to  provide  enhanced  features.  This 

proceeds  along  two  main  directions. 

i)  EISCAT  is  P-en ^doping  a ge^  *c  w^nwiti  for 

Filter  and  INtegrator)(I^mA  ^vSl  aHo  include  double  buffering  and  flexible  scaling  of 
MST  Processing  ^cd  above.  Uwil  £ available  for  operational  use  until  the 

complemented  by  fast  high  resolution  ADCs.  In  the  interim, 

ii)  EISCAT  is  working  together  with  scientists  ^m  ^auction  It  the 

« Kiruna,  Sweden,  to  tie  device  is  built  to  the 

Institute,  into  the  existing  EISCAT  processco  P y d 14Q  Mbyte  Qf  hard  disk 

VME  bus  standard  and  resides  togeAer  w«h  a host^compu^  ADC  channel 

storage  in  a standard  VME  crate.  p *.  ted  5 MHz  sampling  rate.  Data  transfer 
operating  with  12  bits  of  re.^°\^0tVat  4g8  (GPIB)  link.  The  EISCAT  process  control 

into  the  EISCAT  system  will  be  ovcr  * ?™sor  with  the  block  of  auxiliary 

computer  will  merge  the  data  stream  d tben  thc  composite  data  dumps  to 

parameters  normally  recorded  by  y f w have  selected  this  approach  because  it 

58£CJES2  — >»  * — whlch  is  “ly 
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readable  by  a large  community. 


I his  system  will  become  operational  during  the  second  half  nf  igcq  0 a n 
opportunity  to  test  the  performance  of  other  Darts  of  1?9,  ***  us  “ 

particular,  the  strong  signal  handling  capability  of  fhe  reS^^R^nH  m'1"  conditions-  In 

ssr ln  orter  “ •*-  “ « -*  issg  s 5 rjs  -i  - 
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GAIN  AND  PHASE 


CALIBRATION  OF  THE  EISCAT  RECEIVERS  IN  MST 
APPLICATIONS 


Gudmund  Wannberg  and  Jiirgen  Rttttgcr 
EISCAT  Scientific  Association 
Box  812,  S-981  28  Kiruna,  Sweden 

Tommy  Sturk 

Swedish  Institute  of  Space  Physics 
Box  812,  S-981  28  Kiruna,  Sweden 


Introduction: 

As  a srep  towards  amoving  M MS 

Oar  program  sysrem  was  ter, ad  daring  J2X  to2*K‘ 

a °f 

signal  strength,  using  the  calibration  data  as  a reference. 


Technical  details: 

, r T7TQP  at  correlator  does  not  permit  the  recirculation  of  data  from  the 

The  architecture  of  the  EISCAT  correlator  aoes  ^ unit<  Consequently,  the  decoding 

output  (result)  memory  to  the  input  of  t P « « tu:s  does  not  pose  a problem, 

mu”r  be  performed  before  me  cohr«n,  .megmnom  ^SoJnber  of 

as  the  correlator  is  fast  enough  to  do  t e ope  correlation  of  the  sampled  data 

range  gates.  The  decoding  algorithm  simply  correl^onm  £ 

poiLluh  a srored  mplic.  of  rhe » ■*»■«* 
inteerated  by  direct  summation  into  the  correlator  result  memory,  ng  v 
picture  of  the  organization  of  the  resulting  data  vector. 

Our  implementation  differs  from  some  other ,«Pfl^^wrioadtag  ofmtiitrary  integer  numbers 
correlator  input  buffer  memory,  which  penm« < lownloatog  codes 

ass '™  - - — — 

into  which  the  ADC  never  writes  when  sampling. 

Once  srored.  rhe  code  seqoences  remain  in  f ."’"STS’to 


NpR£iNT  * 3 770  ms — — ~ j|  ^ CC4D5-V2 
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signs,  so  that  after  decoding  and  summing  over  the  complete  sequence,  system  generated 
offset  voltages  were  cancelled. 


The  program  has  a built-in  "self  test"  mode.  In  addition  to  the  replica  of  the  transmitted 
modulation,  a second  data  vector  containing  time  shifted  copies  of  the  same  modu  atro 
patterns  is  loaded  into  a different  area  of  the  buffer.  The  operator  can  change  the  start 
address  of  the  area  from  which  the  correlator  reads  input  data  by  an  interactive  command. 
When  the  test  data  area  is  selected,  a sidelobe  free  and  properly  compressed  rcsponse  wiO 
appear  in  a single  range  gate  if  everything  works  properly.  Any  bit  error  or  address  shift 
either  in  the  master  code  or  the  test  codes  will  manifest  itself  as  incomplete  compression  and 
the  appearance  of  side  lobes. 


Receiver  gain  and  phase  calibration: 

The  EISCAT  receivers  transpose  incoming  signals  down  to  baseband.  The  final  frequency 
translation  is  combined  with  the  Hilbert  transformation  of  the  signal  in  a quadrature  detector, 
and  the  two  mutually  orthogonal  components  of  this  signal  are  sampled  synchronously,  us  g 
parallelled  ADC’s.  Every  signal  processing  system  using  this  technique  will  produce  spe 
estimates  which  are  biased  by  deviations  from  gain  equality  or  phase  quadrature  m the 
quadrautre  tktector  or  in  , he  signal  pa.h  to  the  ADC’s.  In  the  most  genenU |«se,  tte  b»*s 
must  be  assumed  to  be  non-linear  functions  of  the  instantaneous  signal  level  and  catrnot  be 
corrected  for  by  using  a constant  error  model.  However,  provided  that  the  receiverhas 
suitable  signal  coming  through  it  most  of  the  time,  the  offsets  can  be  determined  from 
simple  relations  between  some  statistical  averages  of  the  signals  from  the  two  quadrature 
channels  (RUSTER  and  WOODMAN,  1978). 

The  correction  procedure  used  by  Ruster  and  Woodman  does  not  define  the  time  extent  of 
the  averaging  over  amplitudes.  This  may  not  be  too  critical  anyway  in  their  apphcation  as 
they  are  dealing  with  an  ST  radar  system,  whose  receiver  output  is  dominated  by  ground 
clutter  under  most  circumstances.  In  that  case,  the  level  dependent  gain  and  phase  offsets 
will  be  much  stronger  functions  of  the  clutter  level  than  of the  actual  signed 
averaging  period  can  be  chosen  to  obtain  reasonable  statistics.  When  the  EISCAT  system 
used  at  mesospheric  ranges,  we  are  faced  with  a quite  different  situation,  because. 

i)  the  ground  clutter  is  almost  nonexistent  in  the  80-90  km  range,  so  the  echo  signals  define 
the  instantaneous  signal  amplitude  (and  hence  the  offsets), 

ii)  we  do  not  see  a signal  all  the  time  in  any  gate,  so  a straightforward  averaging  overtime 
would  lead  to  an  underestimate  of  the  effective  signal  level  during  the  (sometimes  transie  ) 
PMSE  events, 

iii)  the  signals  which  we  do  see  in  such  events  are  highly  structured  and  exhibit  an 

extremely* dynamical  behaviour,  with  instantaneous  S/N  ratios  sometimes  dB, 

which  we  now  know  is  strong  enough  to  drive  the  quadrature  detector  into  non-lineanty. 

Considering  the  above  points,  it  is  clear  that  a calibration  routine  is  almost  mandatory  in 
future  EISCAT  mesosphere  experiments  using  the  existing  receiver,  but  U is  also  evi 
h cairbration  must  be  based  on  something  else  than  the  actual  signals.  We  have 
mnlernented  a scheme  which  uses  injection  of  white  noise  into  the  receiver  front  end  to 
on  which  the  calibration  is  performed.  The  procedure  used  is  as 

Irf  every  receive  cycle,  a programmable  number  of  calibration  samples  are  taken  at  a far 
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[e?N^Bmn?^°niy  w0ierent  SC,fttCr  retUmS  316  t0  1x5  cx^d  <about  200  km)-  ln  our 
test,  N(cal.samples)-32.  We  denote  the  cosine  and  sine  components  of  sample  number  i by 

x(i)  and  y(i)  , 

The  correlator  program  contains  a subroutine  which  produces  the  two  sums 


A = S x(i)2  + y(i)2 

i=l,N 


and  B = Z x(i)  y(i) 
i=l,N 


QU  y’  1S  <*couf,s®  Proportional  to  total  power,  whereas  B should  have  an 
expectation  value  of  zero  for  all  input  combinations,  if  the  receiver  is  working  properly.  A 

fW^LValUe  in‘bcates  a deviation  from  sample  quadrature  and  can  be  used  to  implement 
first  order  corrections  to  the  spectral  estimates  in  the  analysis  phase.  A full  correction 
requires  the  independent  computation  of  Zx2  and  Zy2.  As  this  was  not  done  here,  we  assume 

in  the  following  that  Zx(i)2  = Zy(i)2 

The  total  power"  quantity  A must  be  assumed  to  contain  some  contribution  from  the 
incoherent  scattering  (IS)  of  the  previous  transmit  pulse  by  the  ionospheric  plasma  at  the 
first  ambiguous  range  (about  600  km),  and  so  it  cannot  be  immediately  used  as  a true 
representation  of  system  gam.  In  our  code,  the  incoherent  scatter  contribution  is  cancelled  in 
an  average  sense  by  the  following  technique: 

The  basic  transmit/receive  pattern  is  a group  of  four  subcycles.  In  the  first  two  the 
calibration  samples  are  taken  with  the  calibration  noise  source  turned  off,  so  that  those 

SsomrrtumeH^^ri110156  T*  IS  COntributions-  111  *e  next  two-  tite  calibration 
r„/n  H rd  U ^hl  e he  samphnS  1S  actlve-  The  correlator  computes  independent 
A and  B estimates  for  the  noise  off'  and  "noise  on"  cases  and  stores  them  in  separate 

bT Am  BmeAm  gated  tiT  bin  in  the  rcsult  memory-  ff  we  denote  these 

“Z  “d  a“““  ,hc  a,mse  clurar  »“i"  * 

receiver  gain  G°°  A(2)  - A(l) 

receiver  quadrature  angle  9(i)  = arccos  (2  B(i)/A(i)),  i=l,2 

averaEef™s  us  a number  of  Possibilities  to  monitor  the  system  performance 
and  to  correct  for  imperfections. 

htws1’  U?  3SeqU“uCe  0f  data  covering  about  10  minutes  on  July  2,  1988  at 
hin5f  ° UTh  (S  a ulg'2)'  The  caJlbratl°n  values  from  all  64  time  bins  in  each  dump  have 
been  summed  and  the  sums  postintegrated  over  30  seconds,  i.e.  15  dumps.  There  are  thus 

a ^ 5 = ,L23  ° estimates  in  each  plotted  value.  If  these  were  truly  statistically 
independent,  the  normalized  variance  should  be  lV  (1.23  105)  = 2.85-iaJ  The  actuailv 
observed  variance  is  about  1.97  10  3 both  for  the  background  series  as  well  as  for  tin/ 
(background+calibration)  one.  This  discrepancy  is  almost  totally  due  to  the  correlation 
between  adjacent  samples  induced  by  the  non-instantaneous  impulse  response  of  the  receiver. 


The  behaviour  of  the  phase  quadrature  term  is  more  alarming.  The  value  obtained  as  long  as 
e signal  level  is  low  is  very  close  to  90  degrees.  During  noise  injection,  however,  the 
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phase  offset  becomes  very  large,  of  the  order  of  10  degrees!  The  receiver  phase  Quadrature 

raHhrarinn y Str0I}gly  dependent  on  signal  strength.  It  should  be  pointed  out,  that  die^ 
calibration  noise  level  was  much  higher  than  normal  during  this  experiment  due  to  a 
mistake  when  configuring  the  receiver  front  end,  approaching  the  eqdvatent  of  1500  Kelvin 

OT  ab°V  7 rclative  *°  **  ^eivernoise^r^^y?°d5elVIn 

wouhi  have  been  disastrous,  but  since  the  PMSE  echoes  were  occasionally  several  tens  of 
decibels  above  the  noise  floor,  it  was  rather  an  advantage.  Y S °f 

The  present  result  suggests  that  the  phase  quadrature  offset  is  even  worse  at  the  signal  levels 

some  extent  Unfortunately,  the  experiments  used  for  the  actual  data  taking  during  the  PMSE 

SEE  rr  Calibration  feature’  so  it  wiU  be  very  hard 

cotton  factors  fOT  th0SC  <kta  sets-  Assumin8  that  the  attenuator  settings  used  i/thftwo 
JfS  e*penfcnts  wcre  approximately  the  same,  i.e.  that  the  actual  signal  levels  seen  at 
dw  quadrature  detector  were  comparable  for  equal  echo  strength,  we  can  at  leSl  obS  aS 
order-of-magmtude  estimate  of  the  velocity  error  as  follows: 


In  the  lag  domain,  the  signal  amplitude  phase  angle  at  time  t is 
<f>  (X)  = arctan  (Im  R(t)/Re  R(t)), 


WOODMANH  tl  COmplex  autocorrelation  coefficient  at  time  x.  Following  (RUSTER  and 
(uncorrected)  data;081*  C°mPU,e  “ CqU1Valent  eStimate  baScd  on  *e  actual  samPled 


<Kx)  = arctan  (cos8  - Im  R’(x)/Re  R’(x)) 


where  8 is  the  correction  for  imperfect  quadrature,  i.e. 


8 = - (it/2  - 0) 

For  small  phase  angles,  i.e.  for  the  condition  expected  at  the  first  few  lags  of  the  ACF, 
<(>  = tan<|>  = (1-sin  8/2)(Im  R’(x)/Re  R’(x)) 


at  igiVCn  lag  'S, thus  multiPlicative  and  of  the  order  of  sin  8/2.  For  our  case 
. ff  *e  e5ect  ,1S  one  of  expanding  the  velocity  scale  by  some  9 %.  For  larger 
phase  offsets  the  effect  increases  more  slowly;  it  is  about  17  % at  8 = 20“  We  do  not  know 

UEf,  h°W  the  offset  behaveus  for  really  strong  signals,  so  it  is  Sard  to  estate  how 
large  the  maximum  error  is  in  the  PMSE  data  set.  As  the  S/N  ratio  was  quite  frequently 

ta.  ♦ 30  d B (LaHOZ  e,  id.,  1989).  wc  mu,  suspac.  .elociiy  JSZ 20% 

One  thing  to  be  learned  from  our  brief  test  is  that  the  EISCAT  receivers  are  in  need  of  a 
major  revision  before  they  can  be  considered  to  be  fit  for  handling  the  kind  of  signal 
dynamics  encountered  in  the  mesosphere.  In  the  meantime,  our  calibration  procedure  will  be 
extended  to  several  power  levels  (we  are  thinking  of  + 7,  + 17  and  + 27  dB  S/N)  and  the 
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gain  calibration  will  be  performed  independently  on  the  sine  and  cosine  channels,  thereby 
enabling  us  to  do  a full  correction  to  the  measured  data. 
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A 915  MHZ  BOUNDARY  LAYER  WIND  PROFILER 
W.  L.  Ecklund,  D.  A.  Carter,  B.  B.  Balsley,  and  P.  E.  Currier 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


INTRODUCTION 

The  Tropical  Dynamics  and  Climate  group  of  NOAA's  Aprnnnniv  t k 
operates  several  laree  50  MH7  P s Ae^onomy  Laboratory 

al.,  1988).  In  order  to  fm  , l\  the  troPical  Pacific  (GAGE  et 

rs.’s.'s.  SLsr«iai= 

915  MHz  radar  has  demonstrated  that  this  ’ a L Inltial  testing  of  the 

lower  heights  in  the  tropics  but  win  also  K rfa*vi11  only  fill  in  the 
sive  stand-alone  wind  profiler  for  the  1 e valuable  as  a relatively  inexpen- 
has  good  height  resolution  and  C troP°sPhere-  The  915  MHz  radar 

the  ground.  It  can Je used ^ t0  ab°Ut  100  meCers  above 
studies  of:  low  level  tranLirt  of  w^  8 7 ^ networks>  experimental 

prediction,  wind  shear  monitoring  and  temperaturlTprof  ■ iUngT^the^SS^de'10" 
SYSTEM  DESCRIPTION 

««■  i.wsi  Si  i\Tiuir:cirt  "^."^.7?"’  ;■ shom  *" 

r of  th*  d*“ 

!.Tr  f”r  ^'^■^■^“^"5*'' 

low-level  VHF  signals  are  sent  between  tl,  1 at®d  under  the  panel  antenna  and 
sive  coaxial  cable The antenna  Ts  TJ  t ™ the  «»*lter  via  inexpen- 

to  be  made  of  thin  (2  cm  thick)  rLLd  gf°K  o?  Slgn  that  allows  the  antenna 
easy  to  transport  and  that  caJ  be  mounted  l £ Panel-like  modules  that  are 

clutter.  Additional  details  of  the  prototype  smal^uirradaf0  gr°Und 

m ECKLUND  et  al . (1988a).  P yP  aii  UHF  radar  system  are  given 

radar  (CARTER^^al^igsIl) ” sinc^th*56*3  ^ontroller/Processor  for  the  UHF 
and  sampling  (our  50MHz  svste  this  radar  requires  sub-microsecond  pulses 

RESULTS 


Se  sP^e°ryandU?Iuaofri986  ^hJf  ^had^  “ C°l0rad°  ^ brief  periods  in 

W'm  bUt  USUa11^  able  ‘0  °btain  useful^rTturns'ca^lSO^eter^resolutionJ  up 
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Fig.  1.  Block  diagram  of  the  small  UHF  wind  profiler. 


i ThP  prototype  UHF  radar  was  also 

to  1 to  1.5  km  under  clear -sky  co™*iti.o  _ ^tn£s  Island  to  test  its  operation 
operated  for  several  days  at  our  the  power- aperture  product  was  1 W- 

in  a tropical  environment.  For  pccpntiallv  continuous  up  to  1.8  km  and 

m?.  Fair  weather  height  C0Vef  ^ wa^essentially  che  50  KHz 

extended  to  2.4  km  for  severa  nower- aperture  product  of  the  UHF  radar  to 

radar  indicated  that  increasing  th  p ^era„e  at  Christmas  Island  to  about 

10  or  100  W-m2  would  increase  the  ha-ght  resolution.  The  UHF 

3 or  5 km  (80%  of  the  time)  when  g July  in  1938.  This  version  of 

radar  was  also  tested  in  Illinois  nf^about  20  W-m2  Figure  2 shows  the 

the  radar  had  a power-aperture  product  of  about  20  " ”nd  sl|e  (no 
distribution  of  maximum  ^ltitude^coverage  resolution.  The  height 

precipitation)  or  ° , s and  wj.nd  conditions  and  also  on  time  of  day. 

coverage  depended  on  air  mass  an  fternoon  and  the  lowest  coverage  was 

Highest  coverage  was  obtained  in  ml  radar  lg  v sensitive  to  hydrometeors 

observed  in  the  early  morning.  . es  when  heavy  clouds  or  precipitation 

rr.‘5«^t'h  precipitation  „ith  the  UHF  radar  are  pr.a.nt.d 

later  in  this  report. 

• ii_  „i  i ttuf  'Tartar  were  made  in  Colorado  with 
The  first  wind  measurements  with  t e sm  x and  rotated  in  azimuth.  The 

an  antenna  panel  tilted  15  degrees  from  s^OWg  results  obtained  in  clear  air, 
initial  paper  by  ECKLUND  et  al . ( rotating  antenna.  A preliminary  test  of 

light  rain  and  thundershower  us  rig  wind  profiles  measured  by  the  915 

£ weU  in  the  limited  region 

£T£«iS  JS  ZZSrSZ  upward^into  .(rato.pP.ra . 
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precipitation) . 
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in  November , 1987  the  915  MHz  radar  was  installed .at  ^Cdorado 

near  a portable  io5  radar  built  by  Strauc  han^colleaga^of  ^ ^ ,Q5  ^ 
Propagation  Laboratory.  Preliminary  P of  .26  m/s  for  1-minute 

radars  gave  - «...  - ^e^rag^  detailS  °f  thiS  C°raPariSOtl 

are^iven  in  ECKLUND  et  al . (1988b). 

Because  the  small  1HF  . :ada * ofl-  W jS^ 

100  meters  above  the  ground  l water  vapor  and  pollutants  over  long  dis 

which  are  important  in  tra  p 8 flat  terrain  in  central 

tances.  The  915  MHz  radar  was  operatedin  ^ ^ of  . low-level 

Illinois  during  May  and  June  1 • ^served  during  the  nighttime  hours.  T 

jet  in  the  meridional  wind  compon  b the  radar  showed  a southward  wind 

n Hu  “5  -A  * t"? »»  ■*»"  — ch*  e”""a' 

precipiCation  OP  S£  STES-d. 

returns  from  hydrometeors  0^®r”h®bl”  t possible.  However,  it  is  still  possible 
mination  of  vertical  air  motio  , since  the  hydrometeors  are  advected 

to  obtain  profiles  of  the  bo^Z°"  ERTZ  t al  1988).  An  example  of  the  915 
horizontally  by  the  mean  winds  (WOBRTZ  e^  ^ p.gure  4.  For  these 

^!„^:LnrPtheSeantenneaa^s  pointed  vertically,  and  the  range  re, 


Fig. 


4. 


13  May  1988  (U.T.) 


rtical  velocity  observed  at  915  MHz 
e cloud-enhanced  echoing  region  is 


versus  height  and  time, 
indicated  by  the  dashed 
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300  meters . Before  1 900  n t f-v.  s 

to  a height  of  3.2  km,  and  as  heavy  cloud^  was  °^serving  continuous  echoes  up 
height  coverage  increased  to  over  7 km  The°He  antenna  beam  the 

region  is  on  the  order  of  1 to  2 m/s  and^!  doWnyard  ^locity  in  this  upper 
snow  and  ice  crystals.  Below  3 kn/the  fall  soeed1^*1*  Wlth  th®  fal1  Speed  of 
the  particles  melt.  The  first  rain  shaft-k P eed  increases  to  about  5 m/s  as 
sipated  before  reaching  below  1 to  £? *f  ab°Ut  1240  U T‘  dia' 
to  1500  U.T.  resulted  in  less  than  2 5 mm  f ^ct®n®ive  rain  echoes  from  1330 
rain  bucket.  This  example  shows  how  strongly^he  915  m **a*m*d  by  an  °n-site 
dominated  by  heavy  clouds  and  rain  ® ^ ^ z response  is 

using  it  in  conjunct io^with  ^acoustic^  t£>  te“Perature  Profiles  by 

Preliminary  comparisons  with  balloon  deri  T^  (Currier  « al  ■ . 1988).  X 
agreement,  and  the  only  obvious Shortcoming  bemparature  Profiles  show  good 

tion  from  the  acousticSource  Lf  the  ltoUed  heiShr'6^1^6  ^ noise Pollu- 

above  the  surface)  due  primarily  to  acoustic * height  coverage  (up  to  about  1 km 
returns  at  the  lowest  altitudes  are  verv  <=S  attenuation.  Since  the  RASS 
enhanced  resolution  of  the  new  PC-basedSontrolier/nr*7  alS°  b®  able  t0  use  the 
radar  to  obtain  temperature  profiles  ^ithheieSn/P?CefS°r  "lth  the  sma11 
lowest  few  hundred  meters.  ght  resolution  of  30  meters  in  the 

GROUND  CLUTTER  AND  BIRD  ECHOES 

obtain  vertical  profiles  of  precipitation  and t * troPosPbere  and  can  also 
aspects  of  lower  tropospheric  profiling  thae  ten,perature . there  are  several 
nearby  objects  which  are  visible  S anterna  sldelT  Special  Problems.  First, 
move  back  and  forth  in  the  wind  so  that  a present  Problems  if  they 

generated  at  the  lowest  heights  (CURRIER Doppler  signal  is 
conditions  the  algorithm  thft  de  e^nes  the  SsT’  ^ Under  these 
spectrum  may  select  the  strong  clutterl.w/  moment  of  the  Doppler 
wanted)  peak  due  to  atmospheric Scattering  %IST°  “S  "0t  the  Weaker  <b« 
very  site  specific  and  it  may  be  necessarl’ typf  °f  ground  clutter  is 

ss.rjsr.jr  p»,T“- 

gr°und  cl„«„ ...  „« . p„bl..  coi"*4°> 

as  n ;™L2op°rT 

in  spurious  echoes  from  migrating  birds  on  a \ e observed  a large  increase 
Illinois . After  midnight  rteS^beJ  of  bird  S"  f "lghta  in  early  «ay  in 
levels  by  sunrise.  On  the  nights  with  th*  hi  t decreased  and  were  at  low 
difficult,  at  times,  to  derivf the  wSted  cW**f  °f  Mrd  echoes  ic  was 

heights  from  the  30-second  average  soectra  1 gf’a  r at  the  lower 

tially  during  the  2 -month  observing  period ' and  nf  ?Ch°eS  decreased  aubstan- 
wind  profiling  by  the  middle  of  JuneWeconclnd  ?***  P?®ed  “ proble“  f°r 
some  sites  during  peak  bird  migration  periods  it  win °h  * experience  that  at 
dal  signal  processing  in  order  to  obtain  wind  proflLsStShe^loSesS  hSigEts 
SUMMARY 

UHF  windtJiofilerrt  S*a11'  P°rbable-  relatively  inexpensive 

limited  due  to  its  relatively ^ =overage  of  the  915  MHz  radar  isP 

pV;a”  °btain  high  resolution  wind  profile^fr^neer^h'  We  haV®  ShOWn  that 
3 to  depending  on  antenna  size  and  tran.aipp  f “ ® r the  ground  upward  to  2 to 

that  the  small  radar  performs  well  in  the  tron-f  P°Wera  preliminary  tests  show 
ch.  trade  .lM.  on  . Lntta.J  b.,2  to.  2?  22?  ?“  b*  *bl»  “ -«tor 

• Sir. 
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shows  that  ch.  small  r«U.  will  also  b.v.1  i =“a'w"S  S'™ 

of  pollutants  and  wateI|  £ clouds  and  rain  with  the  result  that  the 

UHF  radar  is  very  sensitive  to heavy  hei  ht  of  the  melting  layer  and  can 

small  radar  can  be  used  to  determ  dl  tribf;tion  0f  hydrometeors.  Finally,, 

also  be  used  to  monitor  the  ve  operated  in  the  RASS  mode  show  that  it  is 

Eiisrs  ' 1 "Ith  eood 

time  and  height  resolution. 
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ECHO  INTENSITY  OF  A RADIO  ACOUSTIC  SOUNDING  SYSTEM  (RASS) 

Y.  Masuda 

Communications  Research  Laboratory 
Ministry  of  Posts  and  Telecommunication 

T.  Tsuda.T.Takami,  T.  Sato,  S.  Fukao  and  S.  Kato 

Radio  Atmospheric  Science  Center,  Kyoto  University 
Kyoto,  Japan 

the  troposphere  and  stratosphere  by  us^fa  RASS  it  k S""6  temperature  profiles  of 
backscattering  region  that  the  acoustic Tavefront  J 'lT1’15  t0  eS,lmate  the  effe«ive 
other.  The  profiles  of  the  windandlhe^  ar?  P^endicular  to  each 

using  a Doppler  radar  and  a radiosonde  before  the  RASS  measSreSm'10"’  “*  measured  b? 

acoustic  wavefront  of  the  effect!  w* hli  rin^rcrion11?!  |C  subtended  by  the  arc  of  the 

RASS  echo  falls  off,  not  only  as  a function  of  th i °n’  U *S  show"  ,bat  tbe  intensity  of  the 

function  of  the  subtended  angle  The  estimation  of f ,the  range>  but  also  as  a 
subtended  angle  agrees  well  with  the  obsetved  results  Ssingth^  MU  redl^fs'^0  ^ ^ 

technique  to  remofelymeas^re^e^ic^  prS^of^mmo^h3  ?°ppler  radar-  is  a Promising 
al.,  1972:  MATUURA  et  al  1987)  The  RASS  „fJ atm?sPhenc  temperature  (MARSHALL  et 
backscattered  from  periodic  perturbations  in  thf  atm^nh^*0  riCe,ve  e?hoes  <RASS  echoes) 
incident  acoustic  pulse  and  to  measure  the  atmn!^05^6™  refractive  index  produced  by  an 
sound  which  is  derived  from  the  Doppler  frequency^?* SEEK  Speed  °f 

observation  f^ttoexisS  [Je  implementation  of  RASS 

backscattered.  For  monostatic  radar  configuration  Si  h h radar  wave  is  effectively 
receive  RASS  echoes.  First  is  the auditions  to 
acoustic  wavefront,  and  now  an  acoustic  wavelenmh^  T ^ lnc,dent  n°rmal  to  the 

wavelength  in  order  to  satisfy  the  Bragg  condition  S h be  Cqual  ‘°  half  the  radar 

over  which  J^rS^  (MASUDaH'iQSXw'-'0  Wavefronts 

importance  for  RASS  observation  to  know  tow  the Si SI  torfSi«1®88)’  t lS  °f  pracdcal 
by  the  atmospheric  wind  and  temperature  nmfiles  wP  ba^s^att®nng  region  is  modified 
temperature  on  the  height  limit  of  RASS  measurements.  " Ud'ed  the  effects  °f  wind  and 

backscattering  regions.  The  numerical  ^nafyse^ 's^ow^h^the  '^?lculatio"  h °n  the  effecIive 
effective  backscattering  regions  are  strongly  affected  hv  ;p^sitl°ns  and  d,mensi°ns  of  the 
antenna  aperture,  and  distance  between  acoustic  and  radar  antennal  ,emPera,ure  gradients, 

of  R A S s' ec h oes  agree Equi t e' we llwitl^^ ^ h?ght  range  f°r  effecIlve  reception 
radar  (KATO  et  al 1 , 1984).  RASS  °bservatK'ns  earned  out  by  using  the  MU 

oftbe  acoustic  wavefrom  oftto ^fStN^back^atteri^re  thai* — a?g]e  subtended  by  the  arc 
the  RASS  echo  falls  off  with  distance  ^^^K^^^^T^^mensit^s’pmponional^the 
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inverse  square  of  the  distance  and  to  the  fourth  power  of  the  subtended  angle.  Observed 
S uSSg  the  MU  radar/RASS  agree  well  with  the  numerical  estimations. 
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LSEET,  Universite  de  Toulon,  UA  705  CNRS 
639,  Bd  des  Armaris,  83100  TOULON,  FRANCE 


INTRODUCTION 


One  of  the  main  advantages  of  the  ST  radar  is  its  capability  to  obtain  an 

High  aftitur^86  ^ aUitUde  b°th  f°r  Operational  reselrch  purposes! 

High  altitude  measurements  are  necessary  to  investigate  the  upper  level  jet 

_ * °P°P^USe  *"d  the  lower  stratosphere  while  low  altitude  measurements  are 

quired  for  low  level  jet  and  boundary  layer  studies  and  to  obtain  the 
continuity  with  measurements  from  other  techniques  (sodar,  ground  net- 
High  altitude  coverage  is  obtained  at  VHF  by  increasing  the  mean 
ratio"8"!  L ar6a  Pr°duCt  and  usin§  coding  to  improve  the  signal  to  noise 
JS'  than  VM  T hmeasur^ments  are  usually  much  more  easy  at  UHF  (ECKLUND, 

altitude  mea  ’ r combination  of  the  advantages  of  VHF  radars  (high 
ltude  measurements,  tropopause  detection)  and  UHF  radars  (low  altitude 

hybr^S^UHKvHF  ^"d  haS  beea  — i"  consideration to  e!e!op 

50 mL/1  Liz  th  (French  iNSU-METEO  radar  at  45/961  MHz,  NO  A A radar  a! 
° MHz/1  GHz,  this  issue).  The  403  MHz  operational  profiler  is  supposed  to 

will"  b“  ^sensitive ‘to*  ra"?e  but.wiU  P-bably  not  detect  the  tropopause  and 
. Precipitations.  So,  an  hybrid  solution  seems  to  be  the 

more  relevant  at  least  for  research  purposes  : 

- for  a VHF/UHF  system,  progress  towards  low  altitude  at  VHF  will  be  useful 

frLrueeLie°  ^ ?ltltUde  r3nge  °f  »*"ult.neous  measurement!  2 the 

1 frequencies  or  to  use  a mini  UHF  radar, 

lylllm*  l0W6r  °OSt  SyStem  3 P°SSible  solution  is  to  use  an  hybrid  bipower  VHF 


VHF  OBSERVATIONS  AT  LOW  ALTITUDES 

Since  VHF  ST  radars  are  operating,  it  has  been  very  difficult  to  obtain 

"lt*tudTniIs  ^around*"  2 T*  '12  ***  ^ ^ altitudes*  The  usual  minimum 

the ‘s y s ten^and  ^ ^ >° 

The  main  problems  at  low  altitude  are  related  to  : 

- the  switching  time  of  the  TR  system, 

- the  receiver  recovery  time, 

the  internal  reflections  in  cables,  switches  and  antennas, 

- the  clutter  from  the  ground,  building,  power  lines,  sea,  trees,  mobiles. 

Most  of  these  effects  are  proportional  (or  related)  to  the  high  power 
cessary  to  get  high  altitudes  measurements  and  it  seems  reasonable  to  use  a 
low  power  system  to  improve  the  measurements  at  low  altitude  as  b 

»Uh  th.  french  ST  r.d.r  in  1984-1985  dering  .t.n.ph^iT^L^grllc 
investigations  ( ECKLUND, 1986 ) . anographic 

tan,  JW°S°lUtions  bave  been  successively  explored  with  the  low  altitude  sys- 
tem  of  the  Provence  radar  : e sys 
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i)  a fast  pin  diode  TR  adapted  ihenTra^S^ 

or  400  watts  with  a minimum  system  range  or 

tina  in  a dummy  load, 


EXPERIMENTAL  RESULTS 


The  „.<o»d  .!»  «»  W* 

(october-november  1988)  at  t e ne  station  this  location  is  proba- 
tion. Due  to  the  hilly  environment  ^ ^ soundings  and  future 

Sro^nts^an  STUBS'*  f editions  has  observed  previously  in 

the  Rhone  Delta. 

i f i q uprv  compact  (10x10  cm  ) and 

The  400  watts  peak  power  amplifier  V P used  .r  twQ 

reliable  with  possible  duty  cycles  from  1 to  204, 
configurations 


i ) Low  altitude  observations 


With  a pulsewidth 
mitted  to  the  antenna 
measure  winds  down  to 
450  meters  by  Doppler 
symmetrical  echoes. 

It  has  to  be  noted 
pointing  15°  off  the 
range  dependant,  it  wou 
250-300  meters  at  the 
zenith  ♦ 


Of  1 microsecond  and  a 37.  duty  cycle  (6  watts  trans- 
and  6 watts  to  the  dummy  load),  it  is  possible  to 
ftOO  meters  (Fig.  2)  without  ambiguity  and  until 
continuity1^ even  if  saturation  effects  are  generating 

that  these  results  are  obtained  with  an  antenna  beam 
zenith  with  h = 0.96  r . As  the  minimum  altitude  is 
Id  be  possible  to  measure  winds  around  an  altitude  o 
same  ranges  and  an  antenna  beam  pointing  60  off 
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Fig.  2 - Low  altitude  observations  with  Flo  T u.  . . 

150  range  resolution,  37.  duty  cycle  with  ?n~  H^heSt  aItitudes  observed 

(6  watts  transmitted  power)  and  Doppler  (1200  m ran.  tran®mUted  P°Wer 

observations  down  to  600  or  300  meters  rvrl  1 *!  5 resolution,  107.  duty 

meters  cycle)  and  Doppler  observations  up 
to  8000  meters. 

li}  -gher  altitude  with  the  small  radar  system 

, servations  can  be  performed  until  about  8000  meters. 
DISCUSSION  AND  CONCLUSIONS 

Near  zone  effects  of  the  antenna  have  to  be  taken  i„tn  a 

decrease^f  ^fhe^eam^^pointed^O”  ^f  f Si^8  tead  ^of  ^5  ^of  f^the  zlnlth!  WlU° 

of  the  system  and  the  best  configuration.  ^ 7 e"tify  the  extreme  limits 
dir.ctlo„  ....  possible 

um  S£“zr  .rr‘£r; iow  b' ■»  ■»— »»» r.a.r  „< 

d l.  r: r ^ 

REFERENCE  6qUencies  usin«  complementary  advantages  of  both  systems. 

ECKLUND  W.  (1986)  - "Low  altitude  coverage  of  ST  radars"  - MAP  HANDBOOK, 

Vol.zO,  p.  398.  ’ 
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Signal  Processing  and  Data  Analysis  in  Middle  Atmosphere  Radar 


Prabhat  K.  Rastogi 

Electrical  Engineering  and  Applied  Physics  Department 
Case  Western  Reserve  University,  Cleveland,  Ohio  44106 


Abstract 

Use  of  signal-processing  and  data-analysis  methods  in  radar  studies  of 
middle-atmospheric  motions  is  examined.  Detection  of  weak  Doppler-shifted 
signals  from  thin  atmospheric  regions  in  a noise  background  requires  an 
optimum  receiver.  It  is  shown  that  the  basic  radar  signal-processing 
operations  implement  an  optimum  receiver  m successive  stages  using 
matched-filter,  correlator,  and  filter-bank  structures.  Effectiveness  of 
coherent  integration  in  reducing  high  data  rates,  and  as  an  efficient  but  crude 
low-pass  filter,  is  discussed.  Use  of  noise-like  binary  phase  codes  and 
decoding  in  improving  range  resolution  is  outlined.  It  is  emphasized  that 
decoding  and  coherent  integration  operations  can  be  interchanged  only  tor  a 
nearly  stationary  medium.  Spectral  analysis  of  radar  signals  using  time 
averaged  periodogram  implements  an  optimum  filter  bank  for  detecting 
weak  Doppler-shifted  returns.  Methods  of  reducing  undesirable  artifacts  in 
spectral  analysis  of  nonstationary  signal  components,  using  windows  and 
trend  removal,  are  discussed.  Estimation  of  signal  parameters  through 
spectral  moments  and  least-square  estimation  is  reviewed.  Finally,  simple 
data-editing  methods  are  outlined  for  suppressing  outliers  and  interference. 


1.  INTRODUCTION  AND  SCOPE 

The  use  of  high-power  VHF  and  UHF  radars  is  an  established  method  for 
monitoring  the  dynamical  processes  in  the  middle  atmosphere.  These  radars 
detect  weak,  turbulence-induced,  refractive-index  fluctuations  over  parts  of 
the  mesosphere,  stratosphere  and  troposphere,  and  monitor  their  bulk 
motion  by  measuring  the  very  small  Doppler  shift  of  the  received  signal^  hi 
view  of  their  altitude  coverage,  these  radars  are  also  collectively  referred  to 
as  MST  radars  [Balsley,  1981;  Rottger,  1984].  The  received  signals  are  often 
weaker  than  a picowatt,  and  their  Doppler  frequency  shifts  are  as  small  as 
~10'9  of  the  radar  frequency.  Physical  parameters  of  interest  viz.  strength  ot 
refractive-index  fluctuations  (Cn1 2)  and  the  energy-dissipation  rate  (e)  due  to 
turbulence,  bulk  velocity  (v)  of  the  medium  along  the  radar  axis,  and  spread 
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of  this  velocity  (ctv)  can  be  derived  from  the  low-order  moments  of  power 
spectra  of  received  signals.  Turbulence  parameters  (Cn2  and  e)  can  only  be 
inferred  within  the  framework  of  a suitable  scattering  model  [see  e g 
Ottersten,  1969a, b;  Hocking  1985;  Rastogi  etal.  1988].  Time-series  analysis 
°f  the  derived  parameters  provides  information  on  atmospheric  wind  and 
turbulence  fields,  wave  continuum,  and  instabilities  [Rottger  1987-  Fritts 
and  Rastogi,  1985]. 


Dynamical  processes  of  interest  have  time  scales  of  at  least  a few  minutes  to  a 
few  days.  Data  rates  in  middle-atmospheric  radar  experiments,  however  are 
typically  0.5  Mbyte/sec.  It  is,  therefore,  desirable  to  cany  out  as  much  signal 
processing  as  possible  in  real  time  to  reduce  the  data  rates.  The  aim  of  basic 
real-time  signal  processing  operations  is  to  obtain  acceptable  time-averaged 
estimates  of  power-spectrum  density  (psd)  or  autocorrelation  function  (acf) 
of  atmosphenc  echoes  in  presence  of  noise,  ground  clutter,  and  interference. 
Inese  estimates  are  often  required  with  a 0.1-1  km  range  resolution,  at  0.5-5 
min  time  intervals,  and  at  -100  or  more  ranges  for  one  or  more  radar  beam 
directions.  Subsequent  off-line  data  analysis  includes  spectral  parameter 
estimation,  and  time-series  analysis  of  these  parameters.  Off-line  analysis  of 
stored  data  may  use  non-causal  or  physically  nonrealizable  algorithms. 

^e„flrSt^dle-atm0Sphere  radar  exPeriments  at  Jicamarca  [Woodman  and 
uuillen,  1974],  while  limited  in  on-line  computations,  used  the  slow  fading  of 
atmosphenc  signals  and  innovative  computational  shortcuts  to  estimate  the 
low-order  spectral  moments  at  some  ranges.  Parallel  array  processors  or 
specialized  computational  hardware  attached  to  a host  computer  can  now 
obtain  time-averaged  signal  spectra  at  a few  hundred  ranges  with  nearly  a 
thousand-fold  reduction  in  data  rate.  These  enhanced  capabilities  inevitably 
produce  larger  volumes  of  data,  that  can  be  organized  as  a data  base. 


In  ?1LPea|er,?le  routine  sisnal  processing  and  data  analysis  methods  in  use 
wuh  MST  radars  are  examined.  This  review  supplements  those  at  earlier 
workshops  [Farley,  1984;  Rastogi,  1983a,  1986].  Only  the  salient  methods 
viz.  optimum-receiver  implementation,  signal  integration,  coding  and 
ecoding  spectral  analysis,  spectral  moment  and  parameter  estimation 
automated  data  editing,  and  analysis  of  power-law  spectra  are  discussed  at 
ength.  Signal  processing  algorithms  depend  on  radar  frequency,  antenna 
size  and  pointing  direction,  transmitter  power,  altitude,  terrain 
meteorological  conditions  and  interference  sources,  and  are  limited  bv  on- 
line computing  resources.  Data  analysis  methods  depend  on  analysis 
objectives,  models,  the  amount  and  quality  of  data,  and  available 
computational  resources.  They  often  entail  considerable  exploratory  and 
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graphical  analysis  [Tukey,  1977;  Chambers,  1977;  Cleveland,  1985;  Press  et 
al„  1986]. 

First  the  optimum  receiver  implementation  in  successive  stages  of  radar 
signal  preceding  is  discussed  in  Section  2,  and  the  nature  of  radar  signals  is 
outlined  Coherent  integration  of  sampled  receiver  output  efficiently 
implements  a crude  low-pass  filter  as  shown  in  Section  3.  Its  effectiveness  in 
Z™g  data  rates  is  emphasized.  The  use  of  noise-like  bmarj ^ ,»<>« 
and  decoding  for  improving  range  resolution  is  described  in  Sect  • 
Problems  in  combining  coherent  integration  with  decoding  are  stressed,  and 
reasons  for  pulse-by-pulse  decoding  are  delineated.  Classical  penodogram 
analysis  and  spectral-moment  estimation  to  derive  the  key  parameters  in 
radar  experiments  are  discussed  in  Section  5.  The  effect  of  a non-stationaiy 
component  with  application  to  ground  clutter  suppre^tton and  anjdys.  of 
velocity  data  with  power-law  spectra  is  also  considered  here.  Alternative 
spectral  elation  methods  using  autoregressive  and 
models  are  briefly  mentioned.  Automated  data  editing  methods  based  on 
sorting  are  outlined  in  Section  6.  Their  use  in  removing  outliers  and  for 
suppressing  interference  components  in  signal  spectra  is  discussed.  Fina  y, 
the  impact  of  enhanced  and  affordable  computational  resources  on  signal 
processing  and  data  analysis  techniques  is  examined  in  the  concluding 
remarks  in  Section  7 . 

2.  RADAR  SIGNAL  PROCESSING  AND  MATCHED  FILTERING 

The  signal  processing  operations  in  a basic  middle-atmospheric  radar 
experiment  can  be  summarized  with  reference  to  die  block  diagram  of 
Figure  1.  The  radar  transmitter  is  excited  by  a periodic  impulse  train.  The 

transmitter  response  to  an  impulse  is  a narrow  radioed 

modulated  by  a carrier  signal  at  the  radar  frequency  f0.  This  pulse  is  radiated 
by  the  antenna  along  the  radar  beam  as  an  electromagnetic  wave-packet. 
Monostatic  radars  share  the  same  antenna  between  the  ^a"^ 
receiver.  A duplexer  is  used  to  disconnect  the  antenna  from  the  transmitter 
after  the  pulse  p(t)  has  subsided,  and  to  connect  it  to  the  receiver  The 
electromagnetic  wave  packet,  as  it  sweeps  along  the  radar beam, , vs ; scatt ere 
by  atmospheric  refractive-index  irregularities.  A small  part  of  the 
electromagnetic  energy  also  leaks  through  the 

reflected  by  ground  targets.  Atmospheric  and  ground  returns  from  a distance 
r are  received  at  a range  delay  ~2r/c,  where  c is  the  free  space  speed  of  light 
The  received  signal  also  comprises  a noise  component  and  unwanted  radio 
interference.  The  scattered  signal  is  Doppler  shifted  by  a frequency  lv/c  fo 
irregularities  moving  along  the  radar  axis  with  a speed  v towards  the  radar. 
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The  receiver  input  is  therefore  complex,  with 
and  in  phase  quadrature  with  the  carrier  signal. 


components  that  are  in  phase 


ed  Slgna  1SJm,Xei1  with  Ae  outPut  of  a phase-stable  local  oscillator 
to  obtain  an  intermediate-frequency  signal  that  is  first  amplified,  and  then 
coherently  demodulated  to  recover  the  complex  envelope  of  the  received 

ran ap  ^1^  outPut-  ^ receiver  output  is  uniformly  sampled  in 

ange  delay,  and  these  samples  are  digitized.  As  successive  impulses  are 

seis  of  digitized  range  sampies  bec°me 

iV“*r  ■Tbe  facJin8  time  °J  atmosphenc  signals  is  usually  very  much  larger 
than  the  interpulse  period  between  successive  impulses.  It  is  therefore 
desirable  to  coherently  integrate  the  complex  digitized  range  samples  over 
Srrd  pulses.  Blocks  of  coherently  integrated  samples^re  used 

poin™for  ofninpgan  ?tUnates  of %?d  a* each  ran8e  delay.  Suitable  break- 
points tor  off-line  analysis  are  indicated  in  Figure  1.  It  usually  entaik 

seH^atTf°n  °H  spe^tral;moment  Parameter  and  data  analysis  of  their  time 

order  't  ^esirabIe’  howevf’  t0  dismay  at  least  crude  estimates  of  low- 
order  spectral  moments  in  real  time. 
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FIGURE  1.  Block  diagram  of  signal  processing  operations  in  middle 
atmosphere  radar  experiments.  These  operations  implement  an  optimum 
receiver  for  detection  of  weak  Doppler-shifted  atmospheric 

rp!Tt  presence  of  noise>  as  discussed  in  the  text.  Modifications  forhigh- 
resolution  experiments  are  shown  in  Figure  2.  Off-line  analysis  can§be 
relegated  to  any  suitable  stage  after  a.  y b 
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If  the  pulse  envelope  p(t)  has  a duration  T„  w.tii  a (leak  at  delay  V hen  he 
radiated  wave  packet  has  a spatial  extent  cTp,  where  c ,s  te 
of  light.  The  modulated  transmitter  output  is  of  the  form  p(t)  exp(i2nt»  ), 
where  i—V-1.  For  a point  target  8(r-f)  at  range  i the  ranee  Way 'St^rfc 
and  the  antenna  output  is  of  the  fornt  a(r')  o p(t-t ) exp(i2itf  Jt-t  1)  where  the 
term  a(r')  includes  the  effects  of  attenuation  due  to  two-way  tnp  to  and 
the  target,  and  o is  its  radar  cross-section.  With  additive  wh.te  < 
n(t)  of  constant  power  spectral  density  N„,  the  net  signa  y(t)  a e 
output  or  the  receiver  input  is 

y(t)  = s(t)  + n(t)  = o a(r’)  p(t-t')  exp(i2jcf0[t-t  ])  + n(t)  (1) 

For  maximum  signal-to-noise  ratio  (snr)  at  the  output,  the  °Ptim^m  receiver 
can  be  implemented  either  as  a correlation  receiver  as  a matched-fiUer 
receiver  or  as  a bank  of  narrow-band  filters  [Wozencraft  and  Jacobs,  1965, 
Davenport  and  Root,  1958].  Ideally,  the  matched-filter  ^^ver  should  ha 
an  impulse  response  hm(t)  = p s*(t"-t),  where  p is  a constant,  t is  a delay 
parameter,  and  * denotes  the  complex  conjugate.  The  receiver  output  is  then 
die  convolution  of  y(t)  with  hm(t).  In  equation  (1),  the  term  “^  vanes  qu 
slowly,  but  the  target  range  r'  is  arbitrary  The  impulse  response  hm(t) 
only  be  matched  to  the  known  part  p(t)  exp(i2xf0t)  of  s(t)  with 

hm(t)  = P P*(t"-t)  exp(-i2jtf0[t"-t])  (2> 

It  is  readily  seen  that  the  the  signal  component  zs(t)  in  the  receiver  output 
z(t)=zs(t)+zn(t)  is 

Zs(t)  = s(t)  ® hm(t)  = op  a(r')  Rpp(t"-t+t')  exp(-i2itf0[t"-t+t'])  (3) 

where  ® denotes  the  convolution,  and  Rpp(t)=E[p(t  )p  (t+t  )]  is  the 
autocorrelation  function  of  the  pulse  envelope  p(t)  defined  here  as  an 

expectation.  Since  p(t)  is  deterministic,  M0  is^ 

The  output  reaches  a peak  magnitude  at  t=t  +t . The  tenn  t isusua  y PP 
as  a correction  to  offset  the  delays  in  the  transmitter  and  the  receiver. 
Therefore  replacing  t by  t-t",  equation  (3)  is  modified  to 

zs(t)  = op  a(r’)  Rpp(t'-t)  exp(-i2itf0[t'-t])  (4) 

and  the  output  reaches  a peak  at  t=t\  the  range  delay  c^sP0cnadn^^^ 
target.  It  should  be  noted  that  errors  in  delay  correction  t can  produ 
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uncertainties  in  both  the  range  r1  and  in  the  estimated  target  cross-section  a 

bandwidth  ^ ^ *P'd  over  the  receiver 

• k a a u u receiver  unpulse  response  is  matched  to  ntt)  the 
receiver  bandwidth  has  a nominal  value  B~(l/Tp).  ^ ' C 

Se  v -d^/d^T1  3t  ^ mitmi  rangC  n movinS  with  a finite  speed  or  range 
rate  v,-dr,/dt  the  range  r,  and  range  delay  t;'  increase  linearly  with  time  Is 

fhp  f ’*  A'  2^+v>tVc  - ti+(2Vyc)t.  If  the  target  speed  v;  is  small,  then 
the  term  a(r; ) can  be  replaced  by  a(r;)  and  R ft  '-tl  hv  R tt  u ’ j, 

term  is  modified,  however,  and  equation  (4)  becomes  y pp(  *'  X 7116  phase 
zs(t)  = op  a(r,)  Rpp(tj-t)  exp(-i27rf0f tj-t])  exp(-t2jcf0[2vi/c]t)  (5) 

where  f„(2vj/c)  = F,  is  the  Doppler  shift  due  to  the  point  target  Since  the 

m f ' &h  Tr?  Vi  1S  n0t  known  in  advance,  it  is  not  possible  to  design  a single 
matched  filter  to  estimate  the  Doppler  shift  F„  'Hie  transmitter  !s  excitfd 

however,  by  a periodic  impulse  train  of  the  form  ^(t-kTj)  of  period  T,.  It  is’ 
possible,  therefore,  to  apply  successive  samples  z,[k]  = zs(t-kTi)  to  a bank  of 

“"T-hTS  fllle.rs’ in  lie“  »f  a matched  fiLr.  for  Vmal  dermion  She 
Doppler  shifted  signal.  This  is  readily  accomplished  by  subjecting  blocks  of 
these  samples  io  spectral  analysis,  which  yields  the  time-averaled^S  ta 
terms  of  Fourier  transform  Zs(f)  of  zs(t)  ged  PSd  in 

Pslm]  = <Zs[m]  Z5*tm]>  (6) 

^taSkefs' 5'  ^ 

The  atmospheric  medium  contains  a continuum  of  irregularities  A f„n 

fr0m  SUCh  media WfcS  eg"' 

zs(to)=  I {op  a(rj)  Rpp(ti-to)}  exp(-i2jrf0[ti-t0])  exp(-t2jtf0[2vj/c]to)  (7) 

function  a contribute  to  the  signal  zs(t„).  Each  term  in  equation  (7)  mav  be 
represented  in  an  Argand  diagram  at  frequency  f0,  as  a phasor  with  distinctly 
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identifiable  amplitude,  phase,  and  rotation  frequency  (the  Doppler  shift  Fi)- 
foMtu^tejlratare  as*a 

fpadaS^factiveSL  fluctuations  in  the  medium,  and  is  sensitive 
Sarily  to  fluctuations  at  the  Bragg  scale  [XJ2]  along  the  radar  ax^ 
Contributions  from  targets  on  thin  sheets  transverse  to  the  radar  axis  also  add 

Esassssss 

Rottger,  1982;  Woodman  and  Chu,  1989]. 

value  V and  a standard  deviation  ov,  then  once  again  by  the  central  i 
theorem,  the  psd  of  z,(to)  defined  in  equation  (6)  tends  to  a Gaussian  s ap 
with  parameters  related  to  vD  and  ov. 

The  net  receiver  output  z(U  a.  a mnge  delay  h,=2r^e  may  be  mtpre^ed 

as  the  sum  of  an  atmospheric  component  z,,  noise  z„„  grou  *' 

interference  z,  as 

Z(to)  = {5s(to)  + 1 %0o)l  exp(-t2irfo[2vo/c]t)  + airio)  + Zgfto)  + z'(t«l  (8) 
The  complex  low-pass  random  process  «t,)=  WUHtudh.) * mla'ed  to  the 

mSdTpl^ 

i ry-ri  tritdi  nm<5p  nower  is  of  the  order  01  p ^ ® 

Bolumann^  2TC-  clutter  is  due  to  . 

component  from  refraction  along  multiple  paths  to  terrain ttirog 

side.ohes,  ^e  fading  - ggffSXffi 

3S5S  Sn"eni  of  ffiUSS 

psd  estimates  are  discussed  in  Section  6. 

Th.  ranae  resolution  is  obviously  limited  by  the  correlation  width  of  the 
™,ese”"p  “^“^  «-  mto  of  cT^2.  The  requirements  on  s.gnal 
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detectability  and  range  resolution  are  contradictory.  To  detect  the  weak 
atmosphenc  component  z,(to)  in  the  presence  of  unwanted  components  in 

wISdifn  *k  tKTmitted  Slgnal  duration  Tp  sh°uld  be  as  large  as  possible 
within  the  peak  and  average  power  limitations  of  the  transmitter  This  is 

possible  only  by  increasing  Tp,  but  thereby  impairing  tte^TSo^on 
The  range  resolution  can  be  improved  by  imposing  a noLe  l?ke  nS 
modulation  on  the  transmitted  pulse, 

mnHnTlf11?11  bLnary  sequences  or  c°des.  If  the  pulse  envelope  is  phase 

augmented  to  l^b,^tnS  I*  reCeiVer  bandwidth  ^should  be 

a-  ^ Stiycture  of  Ae  optimum  receiver  is  now  modified  at 
the  point  a in  Figure  1,  and  is  illustrated  in  Figure  2.  To  permit  flexihilitv  in 

cnrrHat  °f  phase~coded  pulses,  the  optimum  receiver  is  implemented  as  a 
correlation  receiver,  in  which  the  range  gated  receiver  oumut  i cross 
correlated  with  delayed  replicas  of  the  transmitted  code.  It  is  possible  even 

dfroS60118’!^  USt  different  codes  A3,C...  etc.  and  to  accumulate  the 
atmnsnh  Slgnal /°r  these-.  ^ use  of  phase  codes  and  decoding  in  middle 
atmosphere  radar  experiments  followed  their  use  in  incoherent-scatter 
studies  [Ioanmdis  and  Farley,  1972;  Schmidt  et  al.  1979;  Woodman  19801 

Signal  coding  and  decoding  methods  are  discussed  further  in  Section  4. 

7 n°te  that  **  Signal  Pressing  methods  used  with  middle 
ZaW  nLdarS  attempt  to  0Ptun,ze  the  detection  of  weak  Doppler  shifted 
signals  from  thin  sections  of  the  atmosphere,  with  additive  white  Gaussian 

mrh.?ren0PtimiZatl0n  1S  attamed  in  successive  stages  making  use  of 
matched-filter,  correlation-receiver,  and  filter-bank  structures. 


Transmitter 

Phase  Mod. 

[Binary  Codes 
Generator 
A,  Bt  C.... 

[ 

* Impulse  train 


Digitized 
Itange  Samples'  v£/ 


Variable 

Delay 


Integrator 
(In  Range) 


DECODER  « CROSS-CORRELATOR 


Coherent 
Accumulator 
A,  B.  C 


FIGURE  2 Block  diagram  of  a high-resolution  radar  experiment  usin. 
phase  modulation  with  low-autocotrelation  binary  sequenSrThT„n,i™  8 
receiver  for  phase  modulated  signals  is  impEtelTa Co  JSa  JS 
precedes  the  coherent  integration  block  at  point  a m F, an  e l wS 

asffls, k is  * ordfrTf  £££ 
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3.  SAMPLING  AND  COHERENT  INTEGRATION 


The  receiver  output  z(t)  in  pulsed  Dtgplei stapTSto 
raudom  process,  "S.  Tp.  The  range 

experiments,  the  smailest  tune  J ^ ^ modulated  pulses  are 

sampling  interval  Tr  is  comp  p hieh-resolution  expenments 

transmitted  a.  a pulse  rep=«™  modulated  at  regular 

SShtr ^^nirA^e  value  for  T,  is  then  T, 
These  time  scales  and  their  typical  values  are  shown  in  Table  1. 


-..-T.  , • Tvnlnal  Time  Scales  in  Middle  Atmosphere  Radar  Experiment* 


Time  scale 

Baud  Length 
Pulse  length 
Range  Sampling  Int . 
Inter  Pulse  Period 


Simple  Experiment 


10  us 
10  us 
1 ms 


Coded  Pulse  Experiment 

1 us 
32  us  * 

1 us 
1 ms 


* f or  3 2 -bit  codes.  1 ms 


"=  0.001  second.  1 us  - 0.001  ms^ 


The  sampled  signal  z[j,i]  depends  on  +'tmm+(j-l  )Tt,  where 

The  sample  time  fot  these  md.ces  ,s  p» ^^^uCsampies  z,[.l 

ss  Is  Sve“  as  Ts 

o'  — *ri‘  si8nal 

component  zs(t). 

Coherent  integration  provides  a teue^matched  to  the 

shortening  the  Nyquist  frequency  m comprises  two 

st^w^^^a^moving'sum^/zili  i^obwhwd^^^m^u^ting^or  hit^rating 
Ohmfn  s triples  Uj[k]  with  time  spacing  T-ITp  The 


moving  sum 
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Uj[i]  - Ti  {zj[i]  + Zj[i-1]  + Zj[i-2]  + + Zj[i-I+1]  } (9) 

is  efficiently  computed  through  the  recursion  u til  = n n 11  j.  ,.n  , 

S1  T,1  CCdi!!nUi[°H’  CXeCUted  1 times-  ^ fi™1  result  is  optionally  scaled 
frequency  respons^111  °Peratl°n  " t0  a fiIter  w*h  the 


^6  2^f)  ^ 1 + e' 1 2nfri  +e‘  1 2jtf2Ti  + +e-i2*fIMJT,  } 


Zj(f) 

to  the  samples  ZjfiJ.  Summation  of  the 


(10) 


scries  in  equation  (7)  gives 


H(f)  = e- 1 2«fIM]Ti  Tl  sin(ttflTr) 
sin(jrfTi) 


(11) 


“ S, rra,ion  ,mpiies  ■ — 

S"  off  bWi  HR  Ch  *T*  psd-  a'Se  tow  °pr'fltere 

It  falls  off  by  ~4  dB  near  the  edges  of  the  Nyquist  interval  fRasm^  1 VsVm' 

for^hiffall  of^Fre^  eCh°eS  With  large  DoPPler-shifts  should  be  corrected 
\ ® . Frequency  components  outside  the  Nyquist  interval  +nr\  1 

” "e,*hted. P°wer  by  H(f)P  and  aliased  or  folded  tack  tow  , IS, 

SSSiSSSSSS  r r? 

components*  The  noise  ? (t\  ♦ ?,°?  n\V. ln  absence  of  other 

bandwidth  B,  matched  to  (V)-1  or  (T  u an  .mited  by  the  receiver 

the  pulse  rep^Uionintemd  1 i ^ chc  vcr  is  larger.  On  sampling  at 

Nyquist  interval  +f2TrVi  hut  th^t  salia?ec*  many  times  over  into  the 
coherent  SSto^Sr  ’ Aft" 

mcneases  I-fold,  and  the  Nyquist  intervattacMneT+J^Tl-'^A  l P°Wer 

nix:: 

constant  s,  a„d  z„(t)  a*  “ * 

stressed  that  L doesTo’t  Lply  impZeTdlctobi^^f  ££,£££ 


C - n 
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the^jd  the'rmise  ^ndT s^nal^^pOT^tsTs:^^ilfi^1by1St^^™® 

factor  IH(f)l2. 

The  simplest  modification  to  coherent-integration  is  the  use  of  a constant  U<1 
in  the  recursion  uj[i]  = Uj[i-l]+pZjW-  Then 

UJUJ  - T,  IZjUl  + Wti-U  +■ + n'  ^iU  '+H  I <12) 

The  frequency  response  H(f)  can  be  readily  shown  to  be 


■urn  nrr  t sinh(7iITi[v+jfl) 

H(f)  = e-^-^.e  ^1  *-TI.  sinh(jcTi[v+jf]) 


(13) 


*-  -ht^  has 

— ^^r^U^U^ealomLu.case. 

Any  further  improvement  in  the  jpeUnror^ffeT.0 This  adds 

filtering  of  past  samples  store  P ij  An  interesting  alternative  is 

- - 

suffer  from  aliasing  [Clark  and  Green,  1988]. 

For  a radar  pointed  at  15°  fr°m  “mth^  at  UHF. 

m/s,  the  maximum  Doppler  shift  is nc  interval  0f  ±500  Hz  for 

m^  contains^  eyeful  information  about  atmospheric  motions.  Suitable 
values  of  I are  then  75  for  VHF,  and  8 for  UHF. 

4.  SIGNAL  CODING  AND  DECODING 
The  detectability  of  point  targets  is  ^optimized _when  ^e^ref^ency 

for  a scaling  ^ map6 tl^swrcture'oTan^'xtended 

££  ti rC  T,  small.  Ye,,  de.ee, ability  of  weak  ,arge,s  is 
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JZSSK  “,e  Peat  a"d  a™-«e 

S.n,cWre  of  weak  extended  2J? ^ cSSS“S  0Ut,ini,,8 

unprowd^^^ing^no^ffi^^p^j^g^i^^^®  R S?x^a°n  Can.  ^ 

nearly  constant  over  its  duration  T Th"^p  tude  ,of  PW*  should  be  kept 
modulation.  Second  te  nbT mlL?  ' ne,ces?'la'“  “»  use  of  phase 
and  to  avoid  complexity  in  the  £~S,“  •■"uted  in  duration  by  Tp. 

allowed.  These  eoLidemlfhave  ^ o Se^e Z sth ^ * 
or  codes  with  an  impulse-like  aufnrnr™.is.^  f 0t  Short  binary  sequences 
phase  modulation  of  L transmitted  S 1968]  for 

is  obtained  only  widt  the  SSS  ScrTeaS  Jl  “0"  ta  ra"ge 
ts  cross-correlated  or  decoder!  u/ith  tv.  j ,r’  ! e'  a"er  tbe  receiver  output 
binary  sequences  were  first  introduced  ' m<LU  at“18.setluence-  Phase  coded 

safi 

etal.  1979;  Woodman,  1980,  Sulzer  and  Woo^^^j  " f 

vmJ-  ^ -^a„“gsLor  si 

and  is  cross  corrected  -"SSriSS," ‘tT^nc^b T 

impulse  in  that  Rb[0]=K  and  IRhrk’ll~0  for  wn  ? ? W approx,mate  M 
low  autocorrelation  binary  Lquinces^ e^J  “T?**8  are  CalJed 
then  ~cV2.  This  entire  'XT?  “ ^ is 
interval  T,.  It  is  often  advantageous  to  use  * puke  repetltlon 

encoding  successive  pulses  as  elaborated  later  mTeffeaTf  2f“'' f°r 
bandwidth  is  to  introduce  a <rrmii  *ne  errect  ot  finite  receiver 

be  corrected  for  after  decoding  Table  2 ch!?  °SS  **  decoder<  which  must 

have  been  used  with  mSdt  a^phem  mdars””'  °f  11,6  ^ “d“ *“ 
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TABLE  2 : LOW 


Autocorrelation  Binary  Code  Sequences  For  Radar  Applications 


Barker 


2 

3 

4 

5 
7 

11 

13 


++  or 

++- 

++-+  or 

+++-+ 

+++ — +- 

+++ +— +- 

+++++-++-+“+ 


Complementary 


2 

4 

8 

16 

32 


++ 

+- 

+++- 

++-+ 

+++-++-+ 

+++-—+- 

+++-++-++++ +- 


+++-++  t . 

_++_++++ +-+++-++'+ +++"+ 

_++_++++ + +--+-+++ +“ 


(32A) 

(32B) 


acf  (32A) 
acf (32B) 


:32-l  0-1  0-5  0+3  0+3 
■32+1  0+1  0+5  0-3  0-3 


0+3  0+7  0-1 
0-3  0-7  0+1 


0-3 

0+3 


0+5  0+1  0+1  0-3 
0-5  0-1  0-1  0+3 


0+5  0+1  0 + 1 
0-5  0-1  0-1 


A familiar  examp.e  of 

Bate  codes  wich  ta • 'n‘ & » <££  and  Bemfeld, 

known  only  for  lengths  K-2,3.4,5,  . Barker8 sequences  do  not  exist 

J%7J-  n ^ CkVO)  for  the 

for  K>13  [Turyn,  1968k  lhe  g sidelobe  level  can  be 

ligila.  filfer  DUh«*  and 

Golden,  1970]. 

„„  A_r_  i anfi  B=fbkl  are  known  with  the 
Pairs  of  binary  sequences  A-tak)  ana  a t°kJ 

complementary  property  that 

RJO]  + R„[0]=2K,  and  R.lk'1  + RbIkX>  for  k'’10’ 
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seen  ?ordfte  ,c““Ua,ion,of  ,wo  °r  ™"=  large  values.  His  can  be 

seen  for  the  32-b it  complementary  pair  m Table  2.  For  realistic  radars  with 

froS  perfect. n°n  inearitieS  **  ^ * m°Ving  medium'  **  cancellation  is  ft 

Derioda?°^nri^ed.iUm  d°eS  n0t  5hange  ^gnificantly  within  an  interpulse 
pe™d  > th!n  complementary  code  pairs  can  provide  near  ideal  high- 
resolution  performance.  Indeed,  the  fading  time  of  middle-atmosphere  radar 

are^rnh  “ VCry  TUch larger  Ti* 1x1  situations  where  radar  signals 

are  coherently  integrated  over  a duration  IT, , it  is  possible  to  interchange 

in  whlch  decoding  and  coherent  integration  are  performed  with  a very 

1980ianTh  KrtdUtCtwnfm  **  am°Unt  °f  °n'Hne  comPutations  [Woodman^ 
a9r  A r ^ ,,  !ead,of  transmitting  I pulses  coded  according  to  the  sequence 

I " pul*e  Pulse  decodmg  and  integration  of  the  receiver  output 
Pujses  coded  with  the  sequence  AAA...BBB..  may  be  used.  The  receiver 

1S  ^ohe'f"Uyjntegrated  over  the  subsequences  AAA...,  and  BBB 
and  then  decoded.  This  results  in  an  ~I/2  fold  saving  in  computations  for 

endre'duratiin  IT™ oSS***  assume ■ that  the  medium  is  stationary  for  the 
entire  duration  IT,.  Otherwise,  cancellation  of  autocorrelation  values  for 

phl1Sshift  \ £^"<7?  Pr0rmanCe  * " dCSirable  »*£  £ 

phase  shift  2*[2vAjrr,  < 1 radian  due  to  an  atmospheric  velocity  v0  This 
condition  is  clearly  violated  for  v0  ~ 2-3  m/s  or  larger.  Effectively  Ln  oidv 

SROc')  forttnT6"06  AAA  -B,BB-  contributes  to  the  cancellation  of  net 
h *?;  L°r  m0Ving  med,a’  ^ performance  of  coding  and  decoding 
schemes  should  be  exammed  through  the  fine  structure  of  the  range-DoDDler 
ambiguity  function  at  small  Doppler  shifts  [Rihaczek,  1969],  PP 

Sets  of  low-autocorrelation  binary  sequences  selected  at  random,  offer  the 
pos^bihty  that  in  their  net  acf  ZR(k’),  accumulated  across  the  set  the 

sete  £)  were’ttmd  tend  l%ca?cel  out  ^se  quasicomplementary  code 
51  ? were  introduced  by  Sulzer  and  Woodman  (1984),  who  found  that 

qccs  °fitained  by  an  extensive  partial  computer  search  perform  better 
than  complementary  pairs,  especially  for  non-linear  transmitters  An 
exhaustive  search  has  been  made  for  32-bit  qccs  with  near  ontimnm 
correlation  properties  [Rastogi  and  Sobolewski,  1988],  The  fine  structure  of 

SeeSed.amblgUlty  fUnCti°n  f°r  th6Se  and  several  other  codes  also 

Pulse-by-pulse  decoding  is  mandatory  for  qccs , and  is  also  desirable  for 
complementary  code  pairs.  In  a typical  experiment  with  256  range  cells  and 
32-b, t codes  nearly  16,384  multiply-add  operations  are  required  per  msTor 
pulse-by-pulse  decoding.  Multiplications  between  digitized  multibk  samples 
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and  the  binary  code  sequence  (±1)  can  be  reduced  to  additions  and 
subtractions  only.  This  requires  an  addition  cycle  time  m the  processor  of 
~61  ns,  possibly  less.  For  this  reason,  pulse-by-pulse  decoding  is  currently 
available  only  at  some  installations. 


5.  SPECTRUM  ANALYSIS  AND  PARAMETER  ESTIMATION 

In  the  final  stage  of  signal  analysis  in  middle-atmosphere  radar  experiments 
coherently-integrated  and  decoded  samples  of  the  receiver  output  z(t ) are 
passed  through  a bank  of  narrow-band  filters  to  detect  the  Doppler-shifte 
signal  component  and  to  estimate  its  parameters.  The  filter  bank  is  usually 
iZlemented  through  spectral  analysis.  Signal  parameters  are  estimated  a 
the  low -order  spectral  moments  of  z(t),  which  yield  the  signal  power,  radial 
velocity  (v)  and  its  spread  (ov).  Spectral  analysis  of  inferred  velocity  (v)  tune 
series  is  also  useful  in  studies  of  gravity-wave  phenomena  Often  thep^  of 
velocity  time-series  follows  a power-law  shape  with  Sv(f)~t  T Ihen  tne 
spectral  index  y is  the  parameter  of  interest. 

The  random  signal  or  process  z(t)  is  assumed  zero-mean,  statistically 
stationary,  and  ergodic  [see  e.g.  Papoulis,  1984]  with  a signal  power  or 
variance  pz=Rz(0)  and  acf 


Rz(x)=E[z(t)  z*(t-K)] 


(14) 


where  E denotes  the  expectation  operation.  The  psd  of  z(t)  is  obtained  from 
the  Wiener-Khinchin  theorem  as 


Sz(f)=  3{Rz(t)} 


(15) 


where  3 is  the  Fourier  transform  (FT)  . The  psd  denotes  the  distribution  of 
signal  power  with  frequency  f.  The  FT  ZD(f)  of  a truncated  realization  o 
ZDg(t)  that  vanishes  outside  ±D/2  is  similarly  defmed.  The  psd  Sz(f)  can  be 
related  to  the  FT  ZD(f)  through 


Sz(f)  = E { limD_K>o  1 Zd(OI2} 


(16) 


The  quantity  P(f)  = IZD(f)P  /D  is  called  the  periodogram.  The  expectation  in 
equation  (16)  may  be  evaluated,  by  ergodicity,  as  a time 
psd  may  also  be  obtained  as  the  time  averaged  penodogram  [Marple  1987J, 
provided  that  D is  large  compared  to  time  scales  of  fluctuations  in  z(t). 
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z(k  W)  Of  the  process  z(t)  are  available  with  a 
f^n/Tnp  T'  lunitS, the  maxunum  frequency  to  the  Nyquist  value 

(DFn  DFrTi6!  fgnS’  ^ is  replaced  by  its  discrete  version 

*L  . ztmJ  °f  a block  of  N samples  of  zfk]  is  evaluated  at  N 

equispaced  frequency  points  m the  Nyquist  interval  ±fN,  or  [0,2fN).  The  DFT 
pair  is  defined  as  [see  e.g.  Brigham,  1988;  Marple,  1987] 


N-l 

Z[m]  = DFT{ z[k]}  = £ Z[k]  e-^2^  for 


k=0 


N-l 


(17) 


z[k]  -lDFT{Z[m]}  = -J-£  Z[m]J  e+l2’da"^  for  k=0,l..(N-l)  (18) 

Wk=0 

These  definitions  show  that  both  z[k]  and  Z[m]  have  a period  N.  The  discrete 
time  analog  of  the  periodogram  is  then 


Pz[m]  =±  { IZ[m]l2} 
N 


(19) 


and  Ps.d  Sz(0is  evaluated  by  time  averaging  of  the  N-point  periodograms 
over  M blocks.  This  is  usually  the  preferred  method  of  psd  estimation  as  the 
can  be  quite  efficiently  evaluated  with  the  fast  Fourier  transform  (FFT  ) 

elaborared  telovv.  CaUtl°n  * warranted’ however’ in  use  of  this  method  as 

The  statistical  uncertainty  or  standard  deviation  ctp,  and  the  average  value  uP 
f*  f ei?ieni°  are  usually  comparable.  Moreover,  the  effect  of 

**  periodogram  values  widile  squid 
Dirichlet  kernel  s,tf(*fTN)/sini(efT).  The  contribution  of  a sampled- 

“ other  s“pled  freq“enc>'  P°tats  “ "«'iy  lo  if 

( ) is  a noise-like  process.  Then  adjacent  value  of  PJml  are  nearlv 

rgC°Mamlf'l%7igFVeS  V**  jaSSed.^ appearance  to  the  periodogram  [see 
e.g.  Marple,  1987],  For  a Gaussian  noise  process  of  total  power  p2=CT2  the 

peno  ogram  values  Pz[m]  have  a xi2  statistics  with  pP=ap~o2/T.  It  follows 
at  a ter  averaging  over  M periodograms,  the  periodogram  is  smoother  and 
Its  standard  devmtion  is  reduced  by  a factor  VM.  Even  for  values  of  M as 

raan  3a2%  anr7agH  rHri0d0gram  appi?aches  a Gaussian  statistics  with 
mean  a2/T  and  standard  deviation  o2/TVm.  The  chance  of  observing  a 

periodogram  value  exceeding  ac2/T  may  then  be  obtained  as 


583 


Prob  [PJm]  > ] < erfc([a-l  WM) 


(20) 


For  example,  the  probability  that  a periodogram  value  at  least  1.5  times 
larger  than  the  average  will  be  observed  after  averaging  over  16  realizations 
is  less  than  0.5-erf(2)=0.023.  This  inequality  is  very  useful  for  specifying  a 
threshold  criterion  for  detectability  of  Doppler-shifted  signal  peaks  over  a 
noise  background  in  psd  estimates. 

•me  consequence  of  smoothing  by  the  squared  Dtrichie,  kemeljs  ^picuous 
for  a frequency  component  f not  exactly  at  the  sampled  q 

m/NT.  The  contribution  at  a frequency  f ' is  weighted  by 

sin2(ji[f'-f]TN)/sin2(jt[f'-f]T) 

and  falls-off  as  -If'-fT2  at  frequencies  far  removed  from  f.  This  effect  is 
most  serious  for  signals  with  a strong  unresolved  low-frequency  component, 
with  f<l/NT.  Examples  include  signals  z(t)  containing  a strong  s ow  y 
fading  ground  clutter  component,  or  velocity  time  senes  v(t)  with  a P°we- 
law  psd of  the  form  -f  t In  both  cases,  the  assumption  of  a stationary  random 
process  is  invalid.  This  conclusion  is  justified  below  from  two  other 

viewpoints. 

An  ac/ estimate  RA[k]  can  be  obtained  directly  frorna  block  of  N s^ples  of 
z[k].  RA[k]  has  triangular  weights  at  the  [2N-1]  lags  between  (N-  ) • 
point  ID  FT  RP[k]  of  the  periodogram  PJm]  is  not  usually  a valid  acf 
estimate  It  is  possible,  however,  to  obtain  RP[k]  as  an  N-pomt  aliased  version 
of  RA[k].  Only  when  RA[k]  is  uncorrelated  beyond  ~N/2  points,  is  « possible 
to  recover  it  from  the  N-point  periodogram.  Otherwise,  to  obtain  RA[k] 
unambiguously,  it  becomes  necessary  to  augment  the  block  size  to  2Npomts. 
by  adding  N zeros  to  z[k],  and  then  taking  a 2N-point  periodogram.  Thus,  in 
presence  of  components  of  period  exceeding  the  block  length  N,  the  standard 
N-point  periodogram  does  not  yield  an  acceptable  psd  estimate. 

An  unresolved  low-frequency  component  produces  a 

zK)l  and  zfN-11.  In  view  of  the  N-pomt  periodicity  of  z[k],  this  disparity  is 
equivalent  to  a step-like  discontinuity  in  the  time  senes  The  frequency 
response  of  this  discontinuity  in  the  psd  estimate  is  ~f-2.  This  explains  the 
Lorenzian  psd  shape  of  the  ground-clutter  component,  and  at  least  some 
velocity  'observations'  with  a spectral  index  y~2. 
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re  usZK  met*0d  f0r/1educ!ng  the  effect  of  a nonstationary  component  is 
to  use  the  largest  possible  value  of  the  block-size  N and  to  multiply  the 

samples  z(k)with  a data  window  w[kj  which  smoothly  decays  to  zero  at  the 
end  points.  The  effect  of  applying  the  data  window  is  to  reduce  Ae  sTep  ^e 
discontinuity  at  the  two  end  points,  i.e.  to  render  the  data  nearly  statTonanT 

steeDlvCSanCyn T"86  °f  Z data  window  should  decay  much  more 

mnTf  £ ~f  ' SmCe  ^ data  wmdow  weights  the  central  part  of  a block 
ore  heavily,  successive  blocks  may  be  allowed  to  overlap.  The  most  useful 

Hann  w?nH°nWS  ^ ^ “*  **  triangular  °r  Bartlett  window,  von- 

S"™’  nmd0WS  W,!th  P°wer-law  response  derived  from  the  modified 
W.  t0W’  °d  the  near'°Ptimal  windows  such  as  the  Dolph- 
fd,no1Ser'BesSe  windows  [Blackman  and  Tukey,  1958-  Hareis 
imoort^rTid  87L  Selection  of  a g°od  data  window,  and  it*  use,  is  ari 
Ser  and  ? ™cessary  8teP  “ sPectral  analysis  of  signals  with  ground 
clutter,  and  of  velocity  data  with  power-law  psd.  There  is  a small  overhead 

!Zr°aPUtatlf  h3  Z’  but  11  obviates  round-about  corrective  measures  in 
later  stages  of  data  analysis.  Alternatively,  the  nonstationary  trends  must  be 
estimated  and  removed  from  the  time  series  before  spectral  analysis  A 
simple  method  of  estimating  trends  is  by  the  running  median  over  blocks  of 
N points  [see  Section  7].  This  method  is  useful  for  long  time  series  of 

akorithm^fn’  ?mtAnT  3IS0  be  exercised  in  treating  end  effects.  Other 
Gottm^l987).  6nd  ldentlf,catlon  and  removal  may  be  found,  e.g.,  in 

We  now  briefly  mention  alternatives  to  classical  spectral  analysis  that  are 
based  on  a model  representation  of  the  time  series  [see  e.g.  Mamie  19871 
Tie  coefficients  h[k]  of  a feedback  filter  excited  by  whleToTse  „ k]  of 
f are  souShI  such  1“  *0  filter  output  is  the  random  process  z k] 

tor  sumlrfihf  ” T 8 aVera*e  ■< ARMA)  mo<lel'  is  obtained  as  a 

1,  2 ourrent  input,  q past  uiputs  weighted  by  coefficients  bj  for 

{ i'?.'*}'  ^d  p past  outPuts  weighted  by  coefficients  ai  for  i=l  2..d.  For  this 
A/?MA(p,q)  model,  the  psd  S2(f)  may  be  represented  as 


Sz(f)  = o2T 


IB(f)l2 

IA(f)l2 


(21) 


where  the  polynomials  A and  B have  p and  q zeros.  These  polynomials  are 
simply  related  to  the  coefficients  a,  and  bj.  The  AR M A{o yo)  modtl  thus 
represents  the  psd  Sz(f)  using  q zeros  and  p poles.  The  AR  model  is  suitable 
or  representmg  a psd  with  sharp  peaks,  and  MA  model  for  representing  a 

represent  ^in^anARfn'l  P°m  At  •?  0Ve,rdefine  311  ^RMA{p,q)  process  and 
epresent  it  m an  AR(p ) or  MA(q)  model  with  p’»p  and  q’»q.  Whereas 
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we  expect  the  ground  clutter  component  zg(t)  to  have  an  ^^  representation 
with  Si  or  2 and  the  Doppler  shifted  signal  component  zg(t  to  have  a MA 
representation,  U*  is  also  possible  to  model  the  toad ^ 
process  with  several  poles.  The  coefficients  a,  p +1)  "Ij^ar  Yuk- 
nrocess  zlkl  and  the  noise  variance  a?,  are  related  through  the  lmear  Yule 
Walker  equations.  These  equations  can  be  solved  for  tbecoeffic.entsa  using 
a recursive  algorithm  due  to  Levinson  [see  e.g.  Marple,  1987  Press  et  aL 
19861  Thus  the  psd  Sz(f)  of  an  A/?(p)  process  is  completely  defined  from 
n+f  acfvalSs.  The  use  of  discrete  form  of  the  Wiener-Khinchin  theorem 
through  equation  (15),  would  have  required  acf  values  at  all  lags.  The  orde 
p for  die  AR(p)  model  must  be  found  by  separate  analysis. 

When  observations  of  a process  z(t)  are  limited  to  an  interval  (0,T),  classical 
s^ctral  analysis  methods  unrealistically  assume  it  to  be  zero  or  periodic 
outside X observation  interval.  Natural  extensions  of  z(t)  outside  the 
interval  (0  T)  may  be  sought  consistent  with  maximizing  its  entropy 
Wtote  procTzO)  thus  extended,  it  iS  possible  to  ob.au,  h'Sh-resoln'ton 
osd  estimates  from  short  data  sequences.  The  details  of  this  method  due  to 
Burs  tS  te  found  in  appendices  in  Haykin  (1986)  and  Robinson  and I Trenel 
(1980)  and  algorithms  in  Marple  (1987).  The  maximum  entropy 
(MEM)  is  closely  related  to  the  AR  model  for  a Gaussian  process. 

The  MEM  and  AR  model  have,  so  far,  found  limited  application  in  the 
analysis  of  middle  atmosphere  radar  signals  and  data-.Ctoe  basic  P^le 
that  the  order  p of  the  AR  model  must  be  found  empirically  for  time  senes 
of  interest  Klostermeyer  (1986,1989)  has  used  MEM  psd  estimates  of 
coherently-inetgrated  ST  data  from  the  Sousy  VHF  radar  to  find  the  Doppler 
shift  and  spread  at  low  to  moderate  snr.  It  is  found  that  these  quantities  a 
estimated  with  better  accuracies  using  MEM. 

The  normalized  psd  sz(f)=Sz(f)/pz  satisfies  all  the  properties  °f  a PrebabUity 
density  function  (pdf).  The  mean  pzi  and  variance  \iz2  of  this  pdf  are  the  fi 
and  second  spectral  moments  of  z(t).  The  zeroth-order  spectral  moment  ^ 
of  z(t)  is  then  simply  the  area  under  Sz(f),  or  the  signal  power  pz.  ( ) 
contains  only  the  atmospheric  component,  then  the  first  and  second  spectral 
moments  are  related  to  the  radial  velocity  v and  its  spread  ov  through 


M-zi 


j-f 


fSz(f)  df  = 


[KJ 2] 


(22) 
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*z2lt  tf-^]2Sz(f)df=-5£-  (23) 

J «•»  [Xo/2] 

TTie  psd  S,(f)  is  fully  characterized  by  the  spectral  moments  n,  if  it 

Xtfom  to  S Uff? effKt  °I  addi,ive  while  "oi”  *»<•>  is  to  add  a 
platform  to  Sz(f).  The  fading  ground  clutter  zc(t)  produces  a smeared 

aS  dlscuf ed  earlier-  Corrections  should  be  applied 
ther  to  the  psd  estimate  or  to  the  spectral  moments  to  remove  the  effect  of 
these  undesired  components.  ot 

Just  as  the  moments  of  a random  variable  are  related  to  the  derivatives  of  its 

fJJn,ctlon1at  ^ [Papoulis,  1984],  the  spectral  moments 

Sts ^Th^methnif irCCt  y from  ^/estimates  adjust  one  or  two 

lags.  This  method  was  used  in  the  first  middle-atmosphere  radar  experiments 

m^oT^00,^  3nd  GuiU6n’  19741  Statistical  errors  if  the  acf 
ethod  of  spectral  moment  estimation  have  been  given  bv  Miller  and 

Rochwarger  (1972)  and  Woodman  (1985).  8 y * d 

£ ch?ra«^HCt  5pe?ral  comPone"'  to  toe  N-point  psd  estimate  S,[m]  can 
characterized  by  a few  parameters  related  to  its  spectral  moments  the 
entire  psd  can  be  described  by  a model  or  transformation  M with  a J-point 

ZZZlTufoU:  eaChNValUe  P rf  **  J'P°int  P™ vectorTe 
model  output  M(p)  is  an  N-point  psd  vector  S.  The  problem  of  or d 

vector^6'  foTf  1°“  * rcphrased  as  : Given  30  obse^ed  N-point 

vector  S0,  find  a J-point  parameter  vector  pG  such  that  the  N-point  vector 
thatPt0hp1S  aS  Cl°Se  aS  P°Sflble  [°  So-  The  parameter  vector  Po  should  be  such 

wTnT  rqT  UC • ^ N'POint  Crr0r  VCCt0r  £(P»>  =S««-  M(Po)>  or 

lrfa°i"i?n)wPo)’  1SKm,"imui?-  IdeaI1y>  a global  minimum  in  the  error 
surface  e (pc)  is  sought.  An  exhaustive  search  is  hopeless  for  two  reasons 
First,  we  note  that  even  for  only  ten  parameters  and  ten  possible  values  for 
each  parameter,  the  parameter  space  has  10io  points.  Second  the  error 
f“f  “ ■ *»  “ a nonlinear  function  of  p.  The  problem  is  StTe,  towe™ 

ab  yi  80,?d  ™t,al  gue“  P' of  P.  is  available,  the  error  surface  is 
smooth,  and  a local  minimum  in  the  vicinity  of  p'  is  acceptable  It  is  possible 
then  to  vary  p'  in  small  steps  towards  the  tocal  minim^  e g alonc  Ae  pa* 

'°ucal  graSem-  0nly  a local  approximation  to  the  e™" furfa^t 
needed  at  each  step.  Note  that  the  model  M can  be  as  sophisticatedTdesSd 
Details  of  adaptive  methods  available  for  solving  this  problem  may  be  found 
if'  a Steams  (|985>.  Alexander  (1986),  and  Steams  (1988) 

^d°DawS(W88) “bpr°8ramS  arc  availab]e  1"  P^ss  et  al.  (1986),  and  SteSts 
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Sato  and  Woodman  (1982)  have  used  a matrix  form  of  the  least  mean-square 
Urns)  error  method  to  estimate  the  parameter  vector  p from  the  observed  psd 
vector  S The  parameter  vector  p specifies  the  shape  of  the  Lorenzimt  gr 
Sr  one  or  two  Gaussian  Doppler-shifted  signal  peaks,  and  a flat  no.se 
platform.  The  model  M(p)  gives  the  acf  estimate,  mchtdmg  abasing  atrifrcts 
with  the  use  of  periodogram.  The  DFT  of  S is  then  compared  with  mode 
M(p)  to  find  the  squared  error  eHp),  Linearization  of  lh model  output 
M(p)  about  an  initial  estimate  of  p can  be  used  to  solve  exactly  for  die 
increment  Sp  required  to  minimize  eHp).  This  step  ts  iterated  with the  new 
parameter  value  p+Sp,  until  either  e%)  stabilizes  or  is  ™a' ' 

Additional  comments  on  the  Ims  method  may 

It  has  been  extensively  used  for  parametrizing  UHF  rate, ^au at  Arecuxx 
The  Ims  method  is  extremely  computation  intensive.  The  only  caveat  in  its 
«^s  th”!  unlike  incoherent-scattering  from  the  ionosphere,  the  model 
M(p)  lacks  a sound  theoretical  basis. 

6.  DATA  EDITING  AND  INTERFERENCE  SUPPRESSION 

<snmnlpfi  time  series  zfkl  of  experimental  data  are  often  contaminated  with 
outliers  or  bad  data  points  that  do  not  belong  with  the  rest.  A similar  Problem 
arise^hipsrf  estimation  of  radar  signals  in  the  presence  of  radio  interference 
localized  in  time  and/or  frequency.  There  is  usually  nnM: i^onnaum 
nn  outlier  statistics  and  their  occurrence.  The  only  justifiable  cnt®n^ 
detecting  relatively  sparse  outliers  are,  (i)  outliers  deviate  substanti  y ^ 
die  local  statistics!  and  (ii)  their  value(s)  violate  some  nnder^ingphys^ 
model  All  outlier  detection  schemes  erroneously  reject  some  good 
p„ta‘ and  accep.  some  bad  ones.  The  probability  of  these  errors .should  be 
small  for  a good  scheme.  The  sihtation  ,s  quite  stmriar 
noisy  environment  [Wozencraft  and  Jacobs  1965].  ^sttMlly  ngmou 
methods  for  treatment  of  outliers  may  be  found  in  DavidOgTOl.  lukey 
(1977)  and  Barnett  and  Lewis  (1978).  A simple  algorithm  based  on  order 

statistics  is  oudined  below. 

To  decide  whether  a data  point  z[k]  is  an  outlier,  N samples  *?**“ ! * 

the  index  k are  examined.  These  samples  are  first  sorted  by  their  value  in  an 
fscenlg  or  a descending  order.  Nx  values  at  the  top  and  Nx  values  at  the 
Sun  of  this  list  are  excluded,  for  some 

camnu  variance  s 2 are  found  from  the  remaining  N(l-2x)  points  in  Detween. 
Tw  a qS“y  is^ected  such  that  die  probabiliry  that  a sample  value  Ires 
•/iwm  +v«  1 is  less  than  (1/N)  The  point  z[k]  is  classified  as  an  outlier  if 
rXo^^Siceofy'isbeiillusharedwifl,  an  example. 
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Suppose  N=16,  and  x=0.125.  Then mz and  sz  are  found  from  12  samoles  hv 
exdudmg  the  two  highest  and  the  two  lowest  values.  The  distributions  zrkl 

° d'S*h^dependtnt  Tchebycheff  inequality^see  e.g! 
Papoulis,  1984]  gives  y as  VN=4  or  more.  This  is  a stringent  criterion  for 

tahfpVo^  outll£rs*  0n  *€ > other  hand,  for  a Gaussian  distribution  of  z[k] 
°f  errofftmction  indicate  that  y should  be  ~1.9  or  more.  A value  of  y 

" a , mayr  ^ qUltC  sultable’ but  its  validity  should  be  checked  with  a visud 
inspection  of  the  time  series  and  detected  outliers.  Exploratory  da  “iZS 

rnrral  Ha^S  paJ™eters  N> x y>  real  a„d  simulated  cktTis 
ten  required.  This  method  has  been  successfully  used  for  automated  editing 
oHong  sequences  of  velocity  data  from  the  Poker  Flat  radar  [Bemra  et  alf 

^etniriLr^  °n  *“?*  3VerageS  and  0ther  statistical  quantities  can  be 
v f ^ ple  mean  m*  311(1  sample  variance  sz*  used  above 

by  excluding  few  lowest  and  highest  values,  are  relatively  unaffected  bv 

Aanihe  <AcC0.rdmg  y’  ™edl3n  is  3 more  robust  indicator  of  average  behavior 
than  the  sample  mean.  Running  median  evaluated  at  different  time  scales  i e 
for  different  N,  is  a reasonable  indicator  of  trends  in  data 

Editing  method  discussed  above  can  also  be  applied  to  psd  estimates  fnr 
removal  of  sporadic  interference  localized  in  frequency  and  time  A verv 

with  irterference  removal  is  based  on  tw 
p estimates  Sjfi]  and  S2[i]  that  are  sufficiently  close  in  time  to  have  nearly 

SnrjSffi  “/?1noise,^P°"“K-  Some  Tal““  of  fluency 

average/?^ estimate  SlaT  with  ^ 


S0[i]  = ^{  (Si[i]  + S2[i])  - ISifi]  - S2[i]l } 


(24) 


s independent  of  interference.  In  this  method,  the  noise  variance  of  S Til  is 
larger  than  that  for  either  S,  or  S2.  Alternatively,  S0[i]  may  be  obtained  as  the 
pomt-by-pomt  meclian  of  several  psd  estimates  at  closely  spaced  times  These 
methods  have  been  found  useful  in  analysis  of  psd  estate] a,  MiSSSe  WU 

Finally,  we  note  that  in  data  analysis  of  stored  time-series,  samples  on  either 
side  of  a data  point  are  available.  This  is  in  contrast  wiftStoe  siena 
analysis  where  future  samples  are  unavailable.  Access  to  ’future’  valued  in 
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7.  CONCLUSION  AND  DISCUSSION 

atarss^gsi^g 

■■illll 

use  of  MEM  and  related  spectral  analysis  methods. 

ample  memory  (4-8  Mby  )>  graphics  capabilities  necessary  for 

33j^ssJ£fflSK£sit 

p^*  w|icati0.ns 

r=5=5»S^Si= 

and  (iv)  spectral-moment  parameter  estimation  in  real  tune. 
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monitoring  vhf  radar  system  performance  using  cosmic  noise 

v.  L.  Clark,  j.  L.  Green,  and  J.  M.  Warnock 
Aeronomy  Laboratory 

National  Oca.nic  and  *“£U“*“* 


x.  INTRODUCTION 

al.,  1988 )Win^pr el iminary  Perfo^ance. 

2.  RADAR  CALIBRATION 

. , _ 4_  p-?  mire  1 Riding  below  the  echo  is 

A typical  Doppler  spectrum  s 80  which  at  VHF  frequencies,  is  due 
a randomly  fluctuating  but  vHF  radar  receiver  performance 

SSS?  3602)“ “^r^af  Reiver  bandwidth,  the  cosmic  noise  appears  In 
Doppler^spectra  as  essentially  white  noise  of  power 


l 

p _ _ .B  •k*T.,  [watts] 

rN  _ r N 


uhec,  „ la  1 J-.« 

« ?/  "So-  « Oh.  receiver  input,  the  total  ay.te.  0, 

may  be  found  using 


n-P 


T - 


No 


n*  Pv 


k.Br-Gs 


- T - 

N 


k*B 


IK] 


Where  t°  'erSurf'a^l  noise  ^r^nXitSefSnlt. . 

noise  temperature,  ana  r^Q 

Thus  , 


rNo 


[watts/ (digitizer  power  unit)] 


Using  the  current  Flatland  syste.  the  -elver^oise  about 

600K  and  the  antenna  loss  factor  a is  *PP 

o'  * t + a*T  600  + 0.5*T  [K] 

lN  r c 

where  Tc  is  the  cosmic  noise  temperature. 

3 . CASE  STUDY 

T_  in  rhe  VHF  frequency  range, 
The  apparent  cosmic,  or  sky  “mperatur . being  the  strongest  in  the 
varies  in  a known  way  across  t weakest  in  directions  approximately 

direction  of  our  galactic  center,  and  temperatures  observed 

orthogonal  to  this.  In  Figure  2 1 « ^f^  a 24  hour  period.  The  plotted 
directly  overhead  at  the  Flatlan  ^ extrapolated  from  sky  survey  maps  for 

2»  is  IZ'Tw-  hiL“!”h  0&TO-. »— «<■  c”11=®'  ^ s"rv,,>' 

The  relation 


(2.7  ± 0.1) 


IK] 


T50  - T200  • (200/50) 
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(Af) 


^(Af)+^fif) 


FN/ 


Doppler  Shift 


gBALSLEY  (1978)tiCHerea  F^reor001^6*  ®pectrum  taken  from 

Af  -preLnts  the  fr:quI^yrrL:iuticSnth\?rUiSt 

S5SSS.gr  a1”  p”~: 

The  total  noise  V 

system  m°S Cl^  - to  cosmic  noLe  in  ‘n  o^ed 

SO^rfndMSo  tLCrtSeritu«WirLrmzePr^rECSithf  n°iSe  Cemperature  at 
eye  to  make  the  data  and  the  sky  map  vaJHes  r^hlv  W3S  adJusted  by 

ciently  accurate  for  our  purposes  here3  thou^T^17  Th^s  was  suffi- 

by  least  squares.  More  accurate  results  would  , C?Ul  Casily  have  been  done 
mination  of  the  power  in  the  sky  noise  ° ^ l*?uire  a more  accurate  deter- 
other  sky  surveys  and  the  SrrSt  effects  oTLnosK  —deration  of 

variable  in  time.  Use  of  some  other  calibratin' "°spheric  absorption,  which  are 
noise  diode,  would  be  a better  approach " S°Ufc?'  SUCh  as  a reference 
al.,  1983).  pproach  to  such  precision  work  (e.g.,  GREEN  et 

4.  MONITORING  SYSTEM  PERFORMANCE 

valid  asSlongdasenradjduSmentseaPrmide1tr  t^*  °f  °s  f°Und  here  is  °nly 
thSiCtZing  threshold  aC  Flatland  is  resettableV/3^1  ®yStem-  For  example,  the 
the  sky  noise  power  observed  is  a useful  wav  to  i Ur"lng  a screw-  Monitoring 
also  a good  way  to  detect  and  study  chanees^n  l SU*h  changes • It  is 
to  intentional  modification  (eg  lS  laH"  f'”  Performance,  whether  due 
natural  causes  ( e.g.,  failure  of'i  system  00^“"  3ntenn3  ^ UneS)  ’ °r 

limits  of  aaspecifictradarisystemer  For*!*0  % S°°d  Way  to  study  the  observing 
below  which  they  will  have  difficulty  obse^i™ 'ech^  hT  3 Cl°S6  in  range 
important  reasons  for  this  are  ground  clutS  Lnr*T  ^thout  distortion.  Two 
recovery  problems.  As  an  example,  Figure  3 Ihowsrt  3nd  receiver 

information  is  invaluable  to  ensure  that  obs^d^fects"  £ ™E\^enS. 


(From  median  of  all  bat  first  S range  gates) 
Gr  ~ 4?xlOA19 


o.  4 yc 


.■'V 


Hour  of  day  161,  1988  Uf 

Figure  2.  The  sell  doc.  r.pr.s.M  the  ~«.n^v.r  of 

s\y~- 
«*  •■-  ..P 

extrapolations . 


Mean  Cosmic  Noise 


> 0.0  40.0 


80.0  1 20.0 

Noise  Power 


Figure  3.  A typical  hourly eCrth^Flatlan^radar6’'  The 
observed  sometime  in  June  of  . . , digitizer  units, 

noise  power  along  the  horizontal  axis  is  in  ^izer^un^  ^ 

The  height  axis  is  in  terms  of  he ig  J • + 0_75.<i_1>  [km] 


1 koinHr  above 
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5 . SUMMARY 

receiver , ^as^ee^use^at^latland  llmiting  the  Performance  of  the  VHF  radar 

of  the  system  has  been  made  isiJg  thL  sign^nrits318"31:  ^ Callbrati°" 

performance  is  anticipated.  "6  Slg  ' itS  USe  in  “onitoring  system 
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ON  THE  OPTIMAL  SPECTRAL  SMOOTHING  OF  MST  RADAR  SIGNALS 

P.  K.  Pasricha,  A.  R.  Jain,  and  B.M.  Reddy 

Radio  Science  Division 
National  Physical  Laboratory 
New  Delhi  110  012, India 


ABSTRACT 

An  ns,™.,*  of  , he  spec™, ■ 

representing  the  «gnal  ( C0I^°  siKna]hdata  may  be  performed  to  estimate  the  characteristic 
Autocorrelation  analysis  of  the  MM  characteristic  time  Tn  may  be  taken  to 

toe  <T0)  period^nd  ,he  «al 

represent  the  correlation  penod  of  the  & representing  the  autocorrelation  function  by  a 

sample  period  (T)  may  be  optimally  det5™  . ^ wfcch  may  be  incoherently  averaged, 

statistical  model.  Then  Ae  is  Af  -irf  Thus  the 

opS’ SbStf the  spectral  resolution 
bandwidth  of  ~ 0.25  Hz. 


INTRODUCTION 

Next,  an  incoherent  integration  of  this  '***£*  Derformedon  the  Doppler  spectra  by 

the  weak  signals.  Incoherent  iate^n  , sDectra  Spectral  smoothing  over  a (Is)  number  of 
SuUSyo ffiher  improve  the  detectability  of  the 

weak  signals  (WOODMAN,  1985). 

are  analyzed.  It  is  shown  that  a Yule  rn^el  may  ne  usw  to  p ^ 6 dB.  A Gaussian  (or  a 

"oscillatory  nature  of  the  signal  compo  , y ^ Doppler”,  and  those  represented 

Doppler  spectra  represented  by  a m^el  are teirm sd  ^on^Doppler  samples  the  noise 

by  a Gaussian  model  as  strong  Doppler  samples.  8 w ^ J'  functions 

spike  (at  zero  lag)  may  be  easily  HL 

renormalized  to  the  noisf components  in  an 

St^oSation  wlysts.  T *T  and  I = (W0),^  are  computed  for  the  weak  Doppler  samples.  A 
statistical  test  on  the  detection  of  "real"  signals  is  made. 

THEORY 

(A)  An  expression  for  the  signal  detectability 

A statistical  ,es,  on  ihe  detection  of  teal  signals 

si'sr'jass.'ss  •«*— » — ■ * <"-» 
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U2 
D=  — 

o2  (1) 

^^imSSSjEsSS^*  *«•  <<“»>“''"%  «™*««l  over  a period  T)  is  given 
c4  = a2^ 

T T (2) 

atdThe^^e6  Sff  *<  “ 

incoherently  averaged  over  a sample  period  T.  &Sndv"aS^^^  Spe«ra  may 
smoothed  over  , number  of  I,  . I . rr/iylS  ofZqurnciel;’  TriSSSS  S”  ”“y 

associa.™  wTSrriStS'jTriSSrf  £ m^i'V  * T"  P°ims>. bm. 

signals*  ll/Gt  ^ 1 fl  FTTH  1Q7^  a„  j«  , . ^ mean  71.  For  the  detection  of  real"  input 

be^ffi  ^ ^ ^ ^ dCteCt,°n  CXPrcssi°"  of  *e  S/N  ratio  2J 

D^iL=4(T)W=H!I 

G Gp  G2  ^ <j2  (3) 

(B)  Estimation  of  the  correlation  and  the  total  sample  periods  through  various  statistical  processes 

The  autocorrelation  function  of  an  unaveraged  time  series  for  a Markov  model  is  given  by 

r>.  - r-t^ 


. k 
Pk  =Pi 


(4) 

(5) 


or,  equivalently,  p(x)  = exp  (-  vx) 


To  ~ 1 + 2(1  - y)  Pi  + 2(1  -2.)  p2  +. 


- - (T)PT-1 


i - * ' i ' r i (6) 

Valr  A SCt  °f 

is  defined  for  a very  laree  value  of  T i9™  areJBlvcn  “ Figure  la.  Here  T0 

(KRANDALL  and  STOART,  l5^)  autocorTClaQon  tun«ion  for  a Yule  model  is  given  as 


where 


Pk  = Pk  sin(k0  + y)  /siny 
al  = — Pi  (1  — P2>  / (1  — Pj) 


(7) 


a2  = I - (P2  - P j)  / (1  - Pj)  I 

P = V®2^ cos0  = — otjl  ( 2-y[a^~)\ 
tanv  = (l+p2)/(i_p2).tane 

^correlation  period  T0  for  the  Yule  model  is  a generalized  form  of  expression  (6)  (JONES, 
T0=  1 +2(1  -ijO  pi  +2(1  -j)  p2  + , . . + (2) 


(8) 


sry 
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lb-  ^ value  of T0°again  co^^ds  to™ sllffidendy  l^^du^ofT ?(| t)  ™ Fi 5™ 

»ass^ks&s  % aasas^y 

tested  for  the  weak  Doppler  samples.  blty  f rcal  input  s,8nals  (expression  3)  is 

DATA  ANALYSIS 

radar  operating  at^°MHz  hawtee^s^Tn^OTes^nt^^  *•  with  ^ Poker  Flat  MST 

and  signal  spectral  width  (W),  from  moment  analysis  of  'KwSf  shif  g® 
Spectral  estimates  were  obtained  bv  averaeine  frmr  °ata’  were  also  made  available, 

spectra,  at  32  frequency  points  and  at  44  levfu  »■  ih»  „^°ntl®l<uous  spectra  Smoothed  Doppler 
resolution  bandwidth  of  Af  = 0 2382  Hz)  The  nhcer^?|SphCre’  ^fre  prov*ded  (with  a spectral 
autocorrelation  functions  wL  SSCl™-  Roar 

of  autocorrelation  functions  were  selected  at  various  S/N  riHoc  f™  fv,  • na|y’  en  seconds 

samples  (corresponding  to  Yule  troX3n„  wf  ^ analys,.s  of  weak  Doppler 
functions  for  the  strongly  (S/N  >^6  dB)  and  wLddy  (S/N 

presented  in  Figure  2.  weaiuy  win  s - 6 dB)  Doppler  shifted  samples  are 

RESULTS 

second  (Figure  C0i?Sh£J^ Sotof^T  °f  °01  *°  01 

srDoUaKjte'?  •£* ,s  sz&tsriz  sstssssis 

measured  ffippll,  spSS  iS"*”  SToU,ta*  «.->-«)  «f  . 

observation  ,*riod  be  about  24  seconds.  The  effeSU  tSSSttSlfc 

CONCLUSIONS 

specW^S^K  V*?  » ““  “ appropriate 

magnitude  of  the  s£ctral  smSlav  lToS  ^ * *!erf**m,?L  An  estimate  of  the 
a suitable  statistical  model.  Then Ihe  correlation  agna!  characteristics  with 

incoherent  averaging  parameter  I = (T/T  )V2  are  onH^iii^’  t0^  3mpc  Period  T,  “d  the 
improved  by  a factor  of  I = (T/TJl/2  in  the  incoherent  Thc  *lgnai  detectability  is 

Equivalently,  a spectral  smoothing  over  L (t=I)  number  of  frLni™rLnUmber  °f  Slgn^  spectTa- 
spectrum  may  be  performed  Then  T ;<•  tv...  'k  UIIrcr  °t  frequencies  in  a measured  Doppler 
shifted  MST  Lhoe^tKtoc^  ^nod'  £“  **  casc  of  weakly  Dozier 

regressive  model;  sensed  by  . Yule  iSlo- 

averaging  parameter  is  I = 6 Thp  tnmi  cumnu  ^ • . -°n  ^ °Ptlma^  value  of  the  incoherent 
bandwidth  Af  =>  0.25  Hz.  Thus  the  optimumPSDMn^<l^i^CCOndS’  W'th  *e  spcctral  resolution 
The  optimum  observation  period wolldte  V W0?Id  beh  = l = (> 

say,  0.06  Hz,  would  require  that  unaveraeed  Dnnnlfr  c ^ l.  ^z*  ^ reduction  in  Af,  to 

may  be  processed.  unaveraged  Doppler  spectrum  of  about  16  seconds  of  duration 
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Figure  3.  Estimates  of  the  correlation  period  (T0) 
values  of  the  measured  S/N  ratios.  These  estimates 
statistical  model. 


for  the  weak  Doppler  samples  for  different 
have  been  made  through  the  use  of  the  Yule 


Figure  4 Computed  values  of  the  mean  incoherent  averaging  parameter  (I)  for  the  weak  Doppler 
samples  for  different  values  of  the  measured  S/N  ratios. 
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POWER-LAW  SPECTRUM 
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Case  Western  Reserve  University,  Cleveland,  Ohio  44106 

Abstract 

The  assumption  of  wide-sense  stationarity  in  the  classical  framework  of 
spectral  analysis  is  readily  violated  by  atmospheric  radar  signals  with  a 
fading3  ground  clutter  component,  and  by  velocity  data  with  a power-law 
power  spectrum  density  (PSD).  Consequences  of  nonstationanty  or  trends  on 
time-averaged  periodograms  using  the  discrete  Fourier  transform  (DFT 
methods  are  examined.  Non-stationary  trends  have  a very  lo™^ue^ 
manifest  as  leakage  at  all  DFT  frequencies.  The  autocorrelation  function 
(ACF)  has  a non-decaying  component  due  to  trends,  which  is  alias 
me  periodicity  imposed  by  me  DFT.  Hence,  ACF  cannot  s.mplybe,ecovercd 
as  the  inverse  DFT  of  the  time-averaged  penodogram.  These  artifacts  o 
nonstationarity  can  be  minimized  by  removing  trends^  from  the  d . 
Alternatively,  a window  with  'good'  frequency  sidelobes  should  be  applied 
to  the  data  or  to  its  ACF  estimated  through  tune-averaged  lagged 
Several  useful  windows  with  low  sidelobe  levels  are  reviewed.  A f am  y 
windows  with  frequency  side-lobes  decaying  as  an  odd  power  of  fre^ncy 
is  obtained  by  a modification  of  the  approximate  Blackman  window.  Trade- 
offs between  the  required  duration  of  a data  segment,  frequency  resolutio  , 
and  statistical  uncertainty  of  PSD  estimates  are  briefly  examined. 
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1.0  INTRODUCTION 

numbe/of  Pr°CeSSOr  »tll  have  a 

i f r . , • t is  based  on  an  in-house  developed  contrnl 

andSdanta 

which  allows  modularization  of  ^eachT™1  bUS 

:TiizTiy:i.c::i\r:lti  :iTi^rtcT'  *™LJl  ■»*  «>■» 

etc.).  7 ’ Perh3pS  SUrface  Pressure . temperature,  humidity, 

2.0  THE  RADAR  CONTROLLER 

exampllheitadar  C°ntr°ller  has  a of  separate  functions.  For 


controls  the  transmitted  pulse  length; 
selects  range  gate  filters; 

enables  each  range  gate  at  the  appropriate  time; 
performs  anti-aliasing  filtering  on  each  received  signal; 
digitizes  the  anti-aliased  output  of  each  range  gate; 

r^.sz“L”;*‘v*d  dat*  “ “gn*1  pr“*"°r 
=s=^"=rs=?&  k' 

in«vidu.ny  addr.ss.bl,  lu  the  .dd«“kiZ;  o„  S 

.Mr,,,,,  „,y  b.  thought  of  « to  store  a proe.ss  f.Z'J 
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starting  the  transmitter),  others  as ^"“do^registe/with  the  number  of 
a process  (such  as  Initializing  a count  down  r ^ _ while  others 

clock  cycles  to  count  down  bef o * 8 anti-aliased  output 

interrogate  registers  holding  data  (such 
available  from  a range-gate  module). 

2 . 1 Device  Modules 

The  functions  r'Ccessary  to  ton  the  redat  ere  on  the  bus 

r.  ?; we” 

of  both  software  and  hardware  ev  P ’ndard  interface.  Furthermore,  it 

addressable  and  controllable  th.  ST  radar  Into  the  data 

sss  ‘"£”r”““  £r“ 

variety  of  sources  through  a uniform  interiac  . 

2.1.0  ttariar-P"1gp  Module 

This  specific  module,  designed  for Jj^trol^two  partially  independent 

interface  card  which  can d w^nd EW  representing  the  vertical  planes 

radar  systems,  which  we  denote  NS  and  EW  r p capability 

in  whii  their  Actions  * ^ 

allows  atmospheric  profiling  i , tw0  radars  have 

Currently,  to  simplify  the  data-*^g  P settings  are  independent, 

synchronized  TX  and  TR  pulses.  clock  pulses  in  duration. 

The  TX  pulse  is  an  integral  number  of  10  MHz  cl  ^ ^ ^ could  fee  usedi 

Thus,  digitally  speaking,  ttansmitt  p to  be  practical  utilizing  a 

„hlch  1.  Shorty 2 of^courso , g.Pt.d  to  oosur,  that  tb. 
50MHz  radar.  The  TR  ana  ia  pux 
receiver  is  off  during  transmissions. 

2.1.1  Ban ge-Gai-p  Modules 

The  range  gates  in  this  system  Readdressed  and  cont^  foj.  the 

other  device  on  the  controller  us^  their  bus  addresses.  The  range 

radars  NS  and  EW  are  differentiated  only  by  the ir^  of  a 

gates  are  implemented  in  4-gate  “Rules  ^ ^ gating, 

standard  interface  card  with  all  | 4 real  and  4 quadrature) 

anti-aliasing,  and  sampling  for  eig  l ■ - ls  individually 

signals  from  the  coherent  detect  • which  are  independent  of  each 

addressable  on  the  bus,  and  range  settii nfn;rement  based  on  the  10  MHz  bus 
other,  are  adjustable  to  within  the  15m  Roreme  filter, 

clock.  Each  signal  is  detected  *'8  CQ  & selected  number  of 

which  has  selectable  bandwid  hg  A^pre-set  intervals,  this 

using  . 12: bit  SDC.  sob  E.sd  by  tb.  tv.t.m 

computer . 

The  use  of  anti-aliasing  filters  fo^eacRchann^is  R/fR^R.^^to 

the  coherent  integration  used  in  many  et  al  _ 1979).  This  method 

the  method  used  with  the  RnSR  R f(the  filter  function  inherent  in  the 
sacrifices  the  ^^.^Ktng  but  Stains  proved  signal-to-noise 
coherent  integration  anti-aliasing  o 
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Vel°City  “-It., 

must  handle.  This  reduction  of  da^  Lcnita^L^iT*  Jf°Ce8Sing  conlPuter 
processor  to  handle  more  than  one  radar  system***  ***  ability  of  the  signal 


2.1.2 


Antenna  Steering  Modn|pC 


assigned^^the^orth-south^teering^irections*^^!^6**  eleB,ent8’  “ith  16 

Steering  is  accomplished  in  a si«ufr flshion  ! 7 t0  the  e«t-west. 

radar  (GREEN  et  al.,  1980)  wherein  l 1 ! h f ^at  USed  at  the  Sunset 
transmission  line,  ’the  phase  steerin^nterS  ^ 13  a88igned  C°  each 
shift  boxes.  The  computer  control  orL^  f ! CardS  ®ach  handle  8 P^se 
through  setting  the  pLe-de!^  SK  ^ 

2.2  Controller  I/O  Bus 

separa^%/ro^COnort1Le^intLtllerf  * 77*“  COD,pUter  °Ver  a 

above  is  used.  On  the  computer  side  the  ’ h ad<*ress/data  bus  described 
The  link  between  the  two  is  accomolisheH  rh  andfrd  comPuter  bus  is  used, 
controller  bus  to  IEEE-488  with  .th.  gh  conversion  of  the 
box.  A readily  available  IEEE  488  com  t & para^el  to  488  bus  converter 
“«'"PU.h  the  ....  «*M  it  -».d  to 

ensures  couplets  Independence  of  the  interfile %)  8e"Bnt  convenlently 
system  computer.  This  versatility  is  1 .f  f * °m  any  specific  type  of 

data- throughput  provided  by  sendine  onlv  r?SSi  76  ,>ecause  °f  the  low 
computer  for  signal  processing  6 7 antl'alIased  data  to  the  system 

3.0  THE  SYSTEM  COMPUTER 

programming  language  onfatCOMPAQaDeskprot386  Mod^Ao"6"*'6'1  USlng  the  C 
This  computer  is  IBM-PC  AT  compatibleP  rh  ,M?de*  4°  personal  computer, 
based  on  its  32 -bit  data  oa  h7!nT  ' tb°Ugh  havln8  tended  capabilities 
numerical  coprocessor  IC’s  The  come6!-0  ^he  Intel  80386  epu  and  80387 
input,  and  a color  EGA  interface  ZTmonL  * ^ is  USed  for  operator 
control  menus.  The  software  consist  of  In"/"0"1'16  0n’liDe  ^phics  and 
programming  in  Microsoft  C 5.1  and  mmm  ? integrated  mix  of  in  house 
communication  with  the  radar  cont-r-  li  6rC  Peripheral  drivers, 
interface  cards  using  the  standard^C-bus^  ^ perlpherals  is  through 

4.0  THE  SIGNAL  PROCESSOR 

processing  boar7supplie7by7om^unicatrla7d  USlne  ^ DSP32-pc  signal 
board  is  based  on  the  AT&T  WE  S D ”l  Automation  & Control.  This 
1024  point  complex  floating -po“t  m SnS  F*}  Processor  chip.  lta 
perform  all  calculations  in  floatingpoint TLf ime  is  i4  msec,  so  that  we 

epp.«™L«s ::  “ff  rs;  crg  ,ts  - “ ^X1* ot 

«»  ....  dec.ll  „ .„.cLr".pS  KE  SET TcS^c 
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5.0  DATA  ARCHIVING 

The  Doppler  spectra  and 

1/4"  optical  disks,  utillz  g software  Is  Installed  on  the  PC  as  a 

with  their  .proprietary  software.  b thought  of  and  is  used  in  the 

DOS  driver,  so  that  the  °P^caltfd^sk  $Jh  the Exception  that  data  once 
same  manner  as  a 400MByte  fl°P?y  ’f  tlcal  disks  for  this  purpose  has 
written  may  not  be  erased.  The  use  ot  opti 
two  great  advantages: 

Th.  capacity  i.  larger  than  for  th.  ««.  tt.4iti.™i  .-««*  ..8n,tic 
tape  systems; 

compatibility,  so  that  there  is  ™ SiU  not ^ a particular  format  when 
no  guarantees  that  a manu^  Nonetheless  ,Pthe  advantages  cited  allow 

Sl/StSStSTt  Thf^  b-Ttherwis;  would  not  be  obtainable. 

6.0  SUMMARY 

equipment'where'^possible  and  . can  be 

designed  in  such  a way  that  any  part  The  system  is  very 

changed  without  impacting  e abilities  Perhaps  the  most 

flexible,  and  incorporates  some  f S radar  simultaneously, 

important  is  its  ability  to  handle  “ !he  data  rate  and  opens  the  door 

This  will  immediately  allow  a doubb  "f  d data  lnto  the  data  set  should 

to  easy  incorporation  of  boundary  layer  radar tot*  ^ ^ incorporate 

such  a radar  be  lnsta£*d_  ^ aa  surface  meteorological  observations, 
complementary  observ  ’furthermore,  implementation  of  phase  steering 

^.Sy  ^dl^y  ^signing  each  ph...  box  - » «*•  *“• 

Th.  availability  of  th.  new *£f£ 

greatly  facilitated  the  process: control  even  such  tasks  as  reducing 

srLSuf  gis's*  Jsa  - h“-i*d  *•  £i°*tln£  polm  " 

online  speeds. 
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A PC -BASED  RADAR  CONTROLLER/SIGNAL  PROCESSOR 
D.  A.  Carter,  P.  E.  Currier,  and  W.  L.  Ecklund 
Aeronomy  Laboratory 

srsS3r1"u"‘t  ” 

A new  915  MHz  boundary  fasted  more  power - 

Laboratory.  For  optimum  P"^0^a"“d  with  our  existing  50  MHz  radars^  To  meet 
ful  controller/processor  than  nal_computer -based  system  that  performs  al 

£•£2  i-S-S’Cr  coL.Ulns  £S^ ' 

JSSS  :"i-c'4rtC„”...d  >y«=.  buc  i,  .Uo  considei.bly  less  «p.n- 
sive. 

The  radar  controUer/processor^system^consists^of ^^^^“ignal 

computer  with  internal  pulse  genera  ^ le _ The  computer  uses  EGA  graphics 
processing  cards  plus  an^exte^^t^Cf“°  hardcopy  output.  Mass  storage  of 
for  display  and  a dot-matrix  Pinter  for c^ar  higher  density  optical 

^r^lSi^TSSSl  -P-  -T  be  used  in  the  future. 

*.  P.X..  rUS5/U2ss- 

device  that  can  generate  “an®“^ter/  d adds  the  8 -bit  data  samples  (sent 

....I.) «-«■  — - - 

handle  up  to  512  range  gates. 

The  coherently  integrated  data  ^^^^JaAoa^thiruserihe  P° 
the  signal  processor  car  , w ^ This  board  is  low-cost  (about  $800  US) 

AT&T  DSP-32  floating  point  °rcQJ,iler  is  available).  All  instructions 

and  relatively  easy  to  prog  ( floating  point  multiply,  accumulate,  and  store 
execute  in  250  nsec  including  a flo^  g^  ^ ^ % ^ The  operations 
instruction.  A complex  l28-pointFFL  decoding  (if  required), 

d^  filtering  ^nSwinfa^  ^cS  *e  FFtL  , power  spectra,  and  spectral 
Lf.c5  .llTn  essenci.lly  r..l-tl.e. 

. pr  AX  is  written  in  Microsoft  C.  An  easy- to- 
The  program  running  on  the  PC  AI  radar  parameters  and  pulse 

use  interface  allows  the  user  p , pc  does  little  but  handle  some 

sequences.  Once  the  radar  is®tare  of  the  processing,  and  then 

communication  between  the  cards,  which 
plot  and  store  the  resulting  spectra. 

There  are  several  areas  where  the  system  external  ADC 

the  future.  With  small  chang  sampling  and  processing  range  gates 

module,  the  system  should  be  capa  integraCor  can  be  expanded  from  16-bit  sums 
only  100  nsec  apart.  The  cohere: additional  FIFO's  into  sockets  on  the  card  and 
to  up  to  27 -bit  sums  by  plugging  addit  e to  floating  point.  The 

writing  a DSP  program  to  convert  th  the  system  to  50  range  gates 

current  amount  of  memory  on  f the  DSP  chip  is  now  available  which 

with  128 -point  spectra  A «ev  version  56  kbytes)  and  which  is  also 
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improvement  ^ ^ 3 si8niflcant 

years.  The  PC  with  disk  drive  disdav  nrl^  H have  used  for  »any 

third  as  much  as  the  previous  system  The  dsp^’  h”  SP  card  costs  about  one- 
FFT's  about  20  times  faster  than  the  mini  030  parform  floating  point 

The  PC  program  is  much  easier  to  develop  and  modifvT  C3lc"late  FFT's. 

assembly- language  program  Because  of  rhp  1 compared  to  the  previous 

computers,  peripherals®,  and  Series  selection  of  PC  compatible 

controller/processor  system  should  he  C|  e on  t^ie  market,  the  radar 

tain  and  upgrade  in  the  future.  7 ^ relatively  inexpensive  to  main- 
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OF  THE  S-BAND  STRATOSPHERIC  DECODING  SYSTEM 

at  the  arecibo  observatory 


H.M.  Ierkic  V.  (1)  and  R.F.  Woodman  (2) 


(1) 

(2) 


Arecibo  Observatory 
Xnstituto  Geoflsico 


p 0 Box  995,  Arecibo  P.R.  00613. 
del  Peru,  Apartado  3747,  Lima  100,  Peru. 


I . Abstract 

The  objective  of  our  work  1. 1»  C» 
procedure  u.eful  to  bird  U.lrlug 

S-band  radar  measurements  at  the  A ■ achieve  computational  speed)  does 

transformations  of  the  detected  echoes  (to  achiev  Moreover  our 

not  distort  significantly  t e p statistical  accuracy  of  individual 

procedure  is  efficient  n t e ln  (coherent)  integration  time  specially 

rftit“T^%eSsW^or«Urede  These  characteristics  make  our  estimation 
method  very  convenient. 

XI . Introduction.. 

There  is  a real  need  for  a de^a^le^e®P^1“gV“"a1t^orkers  of  the^if ferent 
the  atmosphere.  This  need  has  ® f0r  the  stratosphere,  by  WOODMAN 

regions  of  the  atmosphere  but  in  ■ is  the  description  of  the 

R.F.  (1980)  A problem  th ^^“^^“ratosphere  and  its  contribution  to  the 
morphology  of  turbulenc  ion  To  accomplish  our  goals  we  require 

diffusion  characteristics  n using  tools  that  are  capable  of  achieving 

continuous  observations  of  the  medium  and  10  seconds  respectively, 

spatial  and  temporal  resolutions  (2380  Mhz)  , used  in  a 

At  the  Arecibo  observatory  the  S-band  ” ^witch)  has  the  potential  to  be  used 
bistatic  fashion  (because  it  lacks  a T/R  switch) , n 
for  our  scientific  goals. 

In  this  paper  we  propose  and  avaluat * alreadj  been 

fully  used  in  the  lower  atmosphere  . P shown  in  another  work,  at 

presented  by  IERKIC  H.M.  (19®7^’®s  dedicated  to  the  presentation  of  the  theory 
this  workshop.  The  next  section  results  of  our  study  as  well  as  the 

and  later  we  close  pointing  the  P t to  state  here  that  the  linear 

character  is  tl^of°the*calculat*d*transfer  function  has  been  verified  under 

laboratory  conditions. 

HI . Theory  and  discussion 

o 1-hls  work  that  a CW  coded  signal  is  being 
Consider,  for  the  purposes  L is being  received  and  demodulated  to 

scattered  in  the  stratosphere  and  that  i “ ^ uged  ls  a pseudo-noise 

base  band.  Furthermore,  assume  that  th  P scattering  medium  has  large 

one  (MacWILLlAMS  and  SU)ANE,  1976)  £*^the  code . iL  detected  signal 

correlation  times  relative  to  tbedura  t digitized  and  then  decoded 

~ th' *“  th‘ echo"  ” 
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digitized  using  1 bit,  1.6  b 
concentrate  in  the  3 levels 


Its  (3  levels)  and  many  bits;  the  discussion  will 
ase  or  the  algebraic  development  that  follows. 


Lne  action  of  the 


e(k)-2(g(Vs*c(i)+Vn(i))*c(i+k-l)),  1-1,2 q*N. 


(1) 


recycled  be foreH^^coherent^integration^tinie  "““JTh  °f  timeS  the  C°de  is 

intensity  of  the  echo,  Vn(i)  is  the  i th  n < S refched'  Vs  represents  the 
of  the  code  (either  -i  or  +1)  g dLc^Jes  the"  l?*  / **  ^ ^ value 

of  the  digitizer  and  e(k)  is  thf  decoded  .iS^i  f“nction  characteristic 


/i(k)-E[e(k)  ] 

Equation  (2)  can  be  readily  evaluated  to  give, 


(2) 


where , 


M(l)-p0+2*pl-l 
M(k)— /i(l)/N 


(3a) 

(3b) 


pl-l. -P(Vc-Vs/Vn) 


(4b) 


tuJtt“„a"3,d:s,tls«,,th*  r~  r v« th-  “■"■>»«  ^ 
lm  th-  i",eth  °f  “>*  ^ <«■> 

“ c*lcoi“' th*  v*ri™'  »f  .t.eJeicS°„aisr^s  “ Sfu“r:;;:E 


Var(k)-E[e(k)**2]  -/i(k)**2 


(5) 


uncorrelated  ai^use^rpropert^orthrTO8^  th3t  ^ n°1Se  Samples  are 

of  the  code  (N+l)/2  are  »i„L  y * ™ PN  sequences  that  out  of  the  N bauds 
reduces  (5)  to  " °n*  ^ the  rest  plus  Explicit  computation 


Var (k)-(l-pO  - (1 -pO- 2*pl)**2)/(q*N) 


(6) 


The  measure  of  performance 
requiring  to  find  for  each  Vs/V 
variance  defined  as  MVar(k)  belSw 


that  we  use  can  now  be  formulated  by 

the  value  of  Vc/Vn  that  minimizes  the  modified 


613 


FIGURE 
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MVar(k)-(Var(k)//i(k)**2)*(Vs/Vn)**2 


the  result  of  the  optimization  procedure  is  presented  In  o a . 

— ^ “!**  for  ill  ».i,  2KS  JlirSoo  E 

ln«  :rrl,TS'  eh”  ?'i"  »f  Vc/V„  I»  about  0.60.  Moraover  by  coup.r- 

P!fSn"anwvf  *5*.  three  level  Scheme  wlth  the  multibit  case  (when 
rilLlS’  fff)~i'1<1)/N  ^ Var(k>“^(k)**2/q*N)  we  can  see  from  figure  2 that  the 
tl  e !f^*1rcy  turns  OUC  t0  be  about  °-81-  l«t  result^mplies  that 
in  the  many  Mt  cas8"  ° integration  time  we  achieve  the  same  accuracy  as 

that  thn°HheraTy  ®nc°ura8ing  property  of  the  scheme  we  are  considering  is 
If  L\ul  de‘°fd  aiSnal  does  not  show  appreciable  distortion  over  a widf  range 
thil  ^n  f . sAn.  including  those  found  under  practical  circumstances  To  fee 

this  linearity  property  we  use  a Taylor  expansion  of  „(1)  to  get, 

M(l)-  2 . *f (Vc/Vn)*(Vs/Vn)*( 1+0. 167* ( (Vc*Vs)/(Vn**2))**2 ) (8) 

with  VsAn  small  and  the  quadratic  term  contribution  minor  The  similar 
expansion  for  the  variance  is,  similar 

Var(k)- 

( 2 . * ( 1 . - P ( Vc/Vn ) ) +f ( Vc/Vn) * ( Vs/Vn) **2*( Vc/Vn-4 . *f ( Vc/Vn) ) } /q*N  ( 9 ) 

^ftifrf-O^n  tL^  1Mlt  CBr  <2  l6Vel  dl*ltizer>  can  be  obtained  by  simply 
setting  Vc-0  in  the  equations  above,  so  that  in  particular  we  are  ready  tn  dd 

iLrr  'twf  lhlS  de^°dlng  s£hen,e  has  a Performance  such  that  it  require! 

A , ‘ longer  to  get  the  same  accuracy  as  in  the  multibit  case 

TiZea  f fhfiof,  pr0perity  be  evaluated  is  the  improvement  that  oversam- 
p g (i.e.  the  noise  samples  become  correlated)  will  brine  about-  th*  q i j 

now  is  again  simple  but  cumbersome  and  we  will  juft  stafe  fome  rfsuSf-  h f7 

*“• n*'  «b„Le„u;“t*n.crrs«'c‘;f6r' 

u- b* •ta™ u“t ,or th* ■uieiiit 


Var(k)- 

2.*Vn**2/(M**2*q*N)*{M/2.*r(0)+(M-l)*r(l)+ 


+r(M-l) 


f^f)\^PfS)!EfvgMmdnIf^0^0VrSaD,Pllng  <e  g-  M"2  18  twice  the  Nyquist 
there  i ° i E I Vn( i>*vn< i+k) 1 • Evaluating  (10)  for  M-2  and  M-l  we  find  that 
there  is  an  improvement  in  the  variance  of  about  0.82.  For  M large  this 
improvement  asymptotically  reaches  a value  of  about  0.77  which  nffmflly  does 

Tili  n’  f~ “» 16 


Var(l)- 


l/(M*q*N)**2*[2*q*N*(M/2*Re(0)+(M-l)*Re(l)+  ...  +Re(M-l))+ 
Rq^MNi^)/2)*((M'1)*Re(M‘1)+  •••  -*-Re<1>  M-(q*(N+l)/2-l)*{  (M-l)* 

Ru(M-1)+  ...  +Ru(l))-{q*N*M**2+(q*N-l)*M*(M-l))*/i(l)**2] 


where , 


Re(k)-E[g(Vs+Vn(i))*g(Vs+Vn(i+k))] 

Ru(k)-Efg(Vs+vn(i))*g(Vs-Vn(i+k))] 


(12a) 

(12b) 
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and  specific  properties  of  the  PN  codes  were  used  to  get  (11)  Equation  fin 
clnZ lh°me  tOWOrkwiCh  analitically , however  if  wf  consider  V^O,  then  ll 
their  fieurer7^  S °b1t^ned  by  HAGEN  and  FARLEY  (1973).  In  particular,  using 
S i 8 , VTe  U)  t0  flnd  Re(k)  (note  *»(k)-Re(k)  when  Vs-0)  we  can 

eadlly  conclude  that  with  oversampling  the  performance  of  the  three  level 

7,  efe  \3St  33  g°°d  35  the  many  bit  case  with  «<>  oversampling  Tfinal 
point  is  that  the  correlator  at  the  AO  is  peculiar  in  that  first  1 * 

those  bits^^the  end"^^^  bitS  ^ US  accunmlators  and  second  it  drops"” 
cause  an  error  of  ? operation.  We  have  verified  that  this  fact  will 

n 6“°r  °f  P^s  °r  "mus  one  in  the  final  count  and  turns  out  to  be 

unimportant  within  the  range  of  values  used  in  the  experiments. 

IV ■ Conclusions 

We  have  shown  that  within  a wide  margin  of  values  of  V*  the  estimator  fll 

distortio  !r0naaqUently  we  can  say  ^at  our  statistical  procedure  introduces  no 
distortion  in  the  measurements.  We  have  also  shown  that  the  method  in 

mu^r  (1  bfV-6  bltS)  iS  fairly  e«lcient  when  compared  with  the 

case  specially  if  the  random  series  is  oversampled  (in  the  sense  that 

makes0!1?  corrected)  . It  is  also  worth  mentioning^hat  crude  slmpHnf 

w?  ? P°Sslble  t0  achieve  fast  computational  speeds  which  in  turn  imply  that 
we  can  do  our  atmospheric  studies  with  unprecedented  height  resolution  V 
simple  extension  of  the  theory  presented  shows  that  in  the  presence  oTa 

continuum  of  scattering  (a  scenario  closer  to  the  actual  physical  situation) 
the  measured  quantity  will  be,  y &u-uacionj 

M(k)"  2 *f(Vc/III * Vn>*(Vs(k)/Vn)-2.*f(Vc/Vn)*(i;(Vs(j)/Vn))/N  (13) 

j 

for  the  three  level  case,  with  the  index  j s.t.  q-<  1 -<  N and  i d!ff0™„«-  -v. 
k.  In  the  multibit  case  the  expression  reads,  an 

'J(k)-Vs(k)-E(Vs(j)/Vn)/N  (14a) 

Var(k)-Vc**2/q*N  (Ub) 

condl  t^narnPrreedingi  f<>rWard  With  the  analysls  ^ consider  more  realistic 
^lvsi?  <inatrumental  and  scattering  models).  We  also  want  to  carry  on  the 
nalysis  considering  the  codes  as  random  variables  (here  we  regarded  them  in  a 

III  l dSfteu™tniStiC  W3y)  and  WOUld  like  t0  find  further  coZn  gro^ds  !it 
?D?ii?I?i°  ^ ? JB-  and  D.T.  FARLEY  (1973).  Finally,  „e  are  exploring  the  H 

tions  orclutter  ^ Co  measurements  in  the  presence  of  strong  reflec- 
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SIGNAL  PROCESSING  SYSTEM  FOR  THE  INDIAN  MST  RADAR 

Y.  G.  K.  Patro,  Anjali  Bhatia  N.  N.  S.  S.  R.  K.  Prasad,  P.  Balamuralidhar 
A.Kulkami,  and  V.  K.  Jain 


SAMEER,  I.I.T.  Campus 
Powai,  Bombay  400  076,  India 


INTRODUCTION 


mmmm 

ssili=lii liiP« 

controller.  The  data  processing  system  is  based  on  7k  ? therole  of  an  instrumentation 
from  M/s.  Masscomp  USA  32’b,t  suPer  minicomputer  MC  5600  system 

TIMING  SIGNAL  GENERATOR  (TSG): 

Sol^Y'ra^^^wSrTu^mem^e^are  itwo^ve^'^Th^pr^  ^ '***'  *“^^0  oTthe 

SK£ and  rate  memory  has  respectIve  time  in“ 

PREPROCESSOR 

receiver^  sltmJS  quadrature  phase  (Q)  channels  of  the  radar 

multiplexes  the  I and  q’SSsS % SSSSdbSSZ  X **“  2‘  The, interfaCe  circult 

interface  a complex  integer  formatted  data  22S£nX5nT? ? C COn?Puter  ,hrough  a parallel 

range  windows.  The  Control  Communication  and  T^UCCD  Inhfv  °I  ‘?C  user-selected 

communicates  with  the  radar  controller  through  IEEE  488  interface  for  m?”1  ° tbe  PreProcessor 

s iccc  *t8s  interlace  tor  passing  parameters  such  as 


619 


code,  numb.rofr.ng.  bins. heir  ^ ‘ Tta 

procedures  for  testing  the  decoder  and  inte^°r-  ..  thc^nS8mit  code  (FUAKO  et  ill.,  1985). 
correlating  the  incoming  data  m data  * *i  MHz,  the  decoder  needs  to  be  able  to 

As  the  maximum  code  length  is  32  and ■ . . . . microscc0nd  if  it  is  to  decode  the  received 

perform  32  additions  and  32  mult|Pj‘^t‘°fnL  d oder  was  hirt>ly  simplified  by  the  availability  of 
signal  in  real-time.  The  implementanonof^  Inc  ((jSA).  The  INTEL 

a 16-bit  32-tap  coirelator/transversid  T w^oteof  operation,  and  to  load  the  current  and 

8086  microprocessor  is  used  to  configure  tte  oat  P intcIpulse  period,  the  32-bit  code 

update  coefficient  register  banks  of  the  A100.  At  theeM  oi  ea  12.bit  data  from 

of  the  next  transmit  pulse  is  swapped  into  ^eacove  [he  correlator  and  the  output  is  clocked  out 

azssxs  <*  *•  ™ —•  - °ne 

involving  the  use  of  one-bit  correlators  (TDC  1023)  m paral  e . 

Im.gr.tion  is  don.  in  . total buff M A. 

periods.  Two  RAM  memorybanks  siorl.c  buffer  for  the  data  of  the  range  bins  under 

previous  ime^ariontime  period  is  ...essibl.  by  die  Merita  circuit  to  be  put  on  the  data  bus  of  the 
10-bit  parallel  interface. 

ADC,  decoder  and  integrator  bl“^^V^^^d^^n^|deJF‘^n^Plementation 
simulated  data  and  their  performance  was found ^“tgaewy-  8 

details  of  the  preprocessor  may  be  found  elsewhere  (PA  1 KU  ., 

DATA  PROCESSING  SYSTEM 

The  data  processing 

preprocessor  at  a maximum  rate  of  • storage  on  to  tape  or  disk  media.  The 

maximum  estimated  speed  of  5 configuration  includes  a data  acquisition  control 

processing  systems  in  which  a loosely  coupled  vector  accelerator  is  use  . 

The  DACP  -quires  data  from  the 

DMA  in  a double  buffer  mode.  When  data  ‘ . h seC0nd  buffer.  At  the  end  of  FFT 

for  FFT  processing  with  acquisition  sullc°"u"u'?8  d acquisition.  The  processed  data  are 
processing  of  the  first  buffer  it  is  of  incoherent  spectral 

transferred  to  the  shared  memory  bu  he i ^ ^ m formatted  and  st0red  in 

ma^netic^ape6 ntodiau  °^i^^^dSis^ceivednfrom^Ae  radtff  controllCT^  ^n^erT^quest,  the 

cPrc£^ 

radar  controller 

Th.  radar  con, roller  is  r«ponsibl. ■ M ta ggcogh**. 

ss.  ssssss  JJiiin , a scria' RS422 

Communication  with  the  host  processor  is  through  RS232  interface. 
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SOFTWARE  STRUCTURE 

firs.  The 

0)  ’V"  “=q“is"tlonSanS 

ptocessofpGdataformatti^^  «)  Another  child 

which  can  be  invoked  independently  by  a u“ron,he  <Kl 

presentation  of  the  processed  data  either  in  on-line  or  off  liS  Fw  ^aPhical 

each  process  with  the  total  system  ooeration  mC  m .es*  .For  synchronization  of 

memory,  Asynchronous  System  Traps  and  SignaK  ^hanis®s  like  shared 

of  development.  The  detailed  desien  of  the  data  nr  Thc  softwarc  ls  ln  an  advanced  state 
(PATRO  et  al„  1988).  g * data  Processing  software  may  be  found  elsewhere 

ACKNOWLEDGMENTS 

(S AMEER^are  g^ateSfutiyS acit^vSedwd"  ThankZ  H'  and  R-  v-  s-  Sitaram 

for  their  keen  intSSSSS'  Th»ka  are  due  to  Dr.  S.  P.  Kosta  and  Mr.  P,  B.  Tole 

REFERENCES 


P.troPYaS^ an  act've 
MST  radar,  DeSie"  of  •«*“  P“>“»i"8  software  for 

yN‘  N*  S S*  R*  K Prasad’  PrePr<>cessor  for  MST  radar,  Tech. 
PatrO/?IpGSW/?//u?raC^,S020/R'  K'  PraSad’  Timing  Signal  generator  for  MST  radar,  Tech. 
^“w^aieVW5 GE^™ 


GRAPHIC  CONSOLE 


Figure  1 . Block  schematic  of  signal  and  data  processing  system. 
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Figure  2.  Block  schematic  of  preprocessor. 
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MAXIMUM  ENTROPY  ESTIMATION  OF  DOPPLER  SHIFT  AND  SPECTRAL 

WIDTH  OF  VHF  RADAR  SIGNALS  *-CTRAL 


J.  Klostermeyer 

Max- Plan ck-Institut  fur  Aeronomie,  D-3411  Katlenburg-Lindau, 
Federal  Republic  of  Germany 


ABSTRACT 

Empirical  investigations  show  that  at  low  and  moderate  skoal  to  noi«>  t- 
mum  entrnnv  m i i signal  to-noise  ratios,  maxi- 
mum entropy  (ME)  Doppler  shift  and  spectral  width  estimates  of  VRF  , • 

s^ratospher^,  ^h^MEr^imatorIIsI^^fe^a^^hV^°^^^^ 


Radio  Science,  in  press,  1989. 
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AND  A „SSS^SS&^^S5SS^^^ 
AND  A SUGGESTED  MST  RADAR  FACILITY 


SPECTRA 


Radio  Science  Division 
National  Physical  Laboratory 
New  Delhi  110  012,  India 


INTRODUCTION 

MST  nutas  are  ground-based 

VHF  band,  which  are  !°* '?“SV^^iLos(*eric  dynamics,  turbulence  charactenstics  and 
under  development  m India  y J*  [he  ^i^uy  measurement,  velocity,  time  and 

hdg'ht'resrdudons^ould  depend  and^Mnmeterieadon^of  dte°spectra. 

adopted  at  the  Indian  facility  is  suggested. 


SIGNAL  PROCESSOR  CHARACTERISTICS 


follows: 


Some  of  the  specifications  of  the  radar  signal  processor  as  per  user's  requbetnents  are  as 


1.  Pulse  repetition  frequency  (PRF) 

2.  Pulse  width  (PW) 


3.  Maximum  duty  factor 

4.  Signal  processing 

5.  Number  of  points  for  FFT 

6.  Maximum  velocity 


7.  Velocity  resolution 


62.5  Hz  to  8 kHz  (binary  steps) 

Uncoded,  1-32  ns  (binary  steps) 

Coded:  16,  32  ns  (complementary  coding, 

band  length  = 1 ns) 

0.025 

Real  time  (FFT  based) 

64  128,256, 512  (selectable) 

11, 22, 44  ms-1  (selectable)  (Special  provision 

of  200  ms  with  velocity  resolution  of  2 ms  ) 

0.1  ms-1  or  0.2  ms4  (selectable) 


/.  r uiwn;  .vw~ 

ufspcTlM 

match  the  above  requirements  are  worked  out. 

PRE-FFT  ANALYSIS  (ON-LINE  PROCESSING) 

The  following  scheme  is  to  be  adopted  in  the  case  of  the  new  facility. 

a-— 

Incoherent  addition  of  desired  number  of  spectra 
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consecutive  received  pulses.^or VHF  * video  samples  from  a number  of 

number  of  samples  averaged  the  SNR  wonlH  imn  * u ^p^ktion  time  is  — 1 s.  If  I is  the 
domain  averaging  *2 “T^V1"'  ,lm' 

deduced  can  be  written  as:  lS>  50  mat  thc  maximum  velocity  that  can  be 


^max  - ^ / (4IT)  or  I = X / (4TVmax) 


(1) 


cl'.™  t ; i/prf>-  o»"  - 

points  to  be  taken  for  FFT.  If  N the  number  of  coh3nS»iqUCStl0n  1 1 10  decide  1,16  "umber  of 
velocity  resolution  would  be  poor.  If  N is  too  laree  ahhn„  ohTh gCd  ,points’  ls  to°  sma11  the 
improve,  the  time  resolution  would  be  poorer  j’rH^ ol^  K*  v®loc,‘y  resolution  would 

t f rM'T,\  1 . , ^ uuc  poorer,  a ikauch  (1983)  has  shown  that  for  dwell  time 

Td  (.  INT,  longer  taV!W|».  spectral  widd,  = 1 ms-')  them  ^ ta  improv^ “™ 

velocity  resolution  but  Me  improvement  in  SNR.  The  velocity  resolution  (AV)  is  gt.en  by 


AV  = X/(2  Td)  = A/C 2 INT)  or  N = V(2IT*AV) 


(2) 


differeu^^o^uSides  S^P‘?Z,*;,d  ““S ul\"g'hs  f“ 

planmng  the  experiments.  From  Table  1 the  following  canteSSedT^  We  W0Uld  **  helpful  in 
i)  IPP  after  coherent  averaging  is  31  to  125  ms. 

522  mS_  and  - 48  ms-1,  the  number  of  points  to  be  used  for  FFT  is 

in)  For  AV  ~ 0.1  ms-1  and  0.2  ms-l,  the  dwell  time  is  32  and  16  s,  respectively. 

SNR.  *e  moments  further  improves  the 

tequiroment  of  the  experiment  from  scientific  «Ju££&  £K1l«  Of  SSH? r”l 
gets  priority  over  the  second.  For  average  velocity  V ~ in  ,n  . *’  'h'nrs' 

can  be  fruitfully  integrated  is  ~ 1 min  (JAIN  19861  th,.  n„.  ■’  tlme  °ycr  which  the  spectra 
integration  is  - 20  dB.  U ’ 986)'  1116  nct due  «o  coherent  and  incoherent 

PARAMETERIZATION  OR  POST  FFT  ANALYSIS 

periodogram  P(0^f°an^ufs^ac^  01051  MST  radar  facilities.  The 

transform (DFT).  The  P(f)is aweighS and dhLed e^K. ^ifqUared  °f  lhe  discrete  Fourier 

noise.  However,  the  ZhodTs^^^ke^FlaT^^d’ZthT  ™“il?ble  determining  the 
variables  given  by  HILDERBRANDT  and  SEKHON  (1974™ 

POPP  "»*■?.  dlarier  is  expected  to  have  zero 

substitute  the  same  with  the  average  of  t^  neiehb^rinTf^^  rejCCt  KT°  fre£luency  Point  and 
may  arise  in  the  case  when  the  signfi  alsoTas  P°mtS‘  However’  difficulty 


Table  1. 


625 


c 

c 

>o 

s 

< s 

04  to  r 

to  o-  ^ 

o-  co  r 

do  c 

■q  to  oo  f 

0 r-  oo  u 

- co  ^ r 

DOO  c 

U./Ji 

0.376 

0.188 

a nri 

V.ID4 

0.376 

0.188 

A A 

->4  to  oo 
o O'  oo 

CO  *-h 

566 

II 

Z 

1 

,Q  8 

Tj-  OO 

ef  OO  to 

OO  'O 

t-H 

«t  O0  to 

<t  oo  to 
" 

V) 

% 

a 

< 

= 256 

4 a 

0.376 

0.188 

0.376 

0.188 

0.094 

0.376 

0.188 

0.094 

0.376 

0.188 

0.094 

0.376 

0.188 

0.094 

i 

2 

oo  to 

oo  to  04 
*-•  CO 

oo  to  04 

CO 

oo  to  CS 
<-«  CO 

OO  to  04 
<— < CO 

04 

♦T. 

< B 

0.188 

0.094 

0.188 

0.094 

0.047 

0.188 

0.094 

0.047 

0.188 

0.094 

0.047 

0.188 

0.094 

0.047 

to 

II 

2 

c?  8 
t-1  on 

to  04 

t-h  CO 

to  r4 
CO  to 

2S3 

to  04  ^ 
1— « CO  to 

i 

1 
6 ! 

OO 

Tf  04 

oo  04 
Tt  o4  1 1 

OO  04 

r}-  04  »— 1 

OO  Tt  04 

Tf  04  ^ 

OO  Tf  04 
04  ^ 

t 

! 

IPP 

msec 

31.25 

62.50 

31.25 

62.50 

125.00 

31.25 

62.50 

125.00 

31.25 

62.50 

125.00 

31.25 

62.50 

125.00 

O 

i 

Uh  n 

EE 

PL,  ^ 

04  tO 
CO 

04  to  oo 

CO  ' 

(N  tO  OO 
CO  T-H 

04  to  OO 
CO  ^ 

1 

04  tO  OO 
CO  ' 

1 

1 

No.  of 
Samples 
Integrated 

tO  <N 
to  ^ 
o4  o 

oo  to  o4 
04  v>  ^ 
h( s tn 

T*  OO  tO 

to  04 

<s 

32 

64 

128 

Duty 

factor 

<o  o 
2 ** 
0O  *-4 

% 

*x 

tO 

% 

X 

to 

% 

i 

X 
to 
1 — « 

04 

t 

t-H 

X 

to 

to 

PRF 

kHz 

oo 

04 

T— t 

d 

PW 

V) 

zL 

<N 

rT 

OO 

to 

1“^ 

04 

CO 

= Dwell  time;  N = No.  of  points  used  for  FFT  and  Ad  = Velocity  resolution 


626 


Fig.  1 . Flow  chart  of  scheme  (post  FFT)  for  parameterization  of  spectra. 


Once  the  noise  power  is  determined  as  discussed  above,  the  same  can  be  easily  subtracted. 

which  exami^^a  few  poimsefdiCT  side'^r^^fn^TT^d^10^  app,lying  a median  fllter 
value  if  it  was  found  to  deviate  £>  much  fS  ^e.da‘a  Point  is  replaced  by  the  median 
conveniently  removed  by  applying  Tnotch  filter  Afie^w£i>  S°Te  flxed  spikes  m more 
detectability,  a certain  amount  ofnsUonthfng  ofP(f)  fsf^^in|h*e,^^’,t0  enhancc  the 
mean  over  P(f)  or  some  similar  function  which  has  to  te  dSSSnSffly.  ^ nmning 

threshoW^leveT^^to^be0^^^!^^^^^^6^^^^^11^1  ^ “I**  D°Ppler  profile-  A 

atmospheric  returns  show  a tempondand  sDatial  mndn.^^rL*  S'f.n?  f™m  the  noise.  The 
the  signal  from  spurious  echoes  P continuity.  This  would  further  help  in  identifying 

parameters  are  obtained  by  compu^g  the^onodi^ firsthand r profllc  has  obtained  the  signal 
effect  of  smoothing,  the  ^^nts*^1^^^^  the^p^tra^foresnwlA^^^TT,^01^110® 1,16 
approaches  for  determining  the  moments  of  the  sDecn-a  °?n£n?  smootJ*,ng-  Thee  are  many 
chosen  from  the  previously8 determined  value  and  th£fim  I"„h  pp'!oach  the  Doppler  width  is 
step  the  window  Width  is  kept  Sand  Doonl^ shift  SET* ^ ,S  varicd  In  the  second 
if  necessary.  Full  Gaussian  « 
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DISCUSSION 

.„;,rf'T^rrs!=r72=is:-s.‘:'. 

0. 1/0.2  ms  and  max  ddp  > 2 kHz  A special  feature  of  the  on-line  processing  to 

£'  deS  S & » coherent  integration.  This  would  enable  die  radtu  to  be 
used  for  incoherent  applications  as  well. 

2.  A simple  scheme  for  scaling  and  parameterization  of  the  spectrum  is  suggested. 

However,  the  following  points  need  to  be  considered. 

Therefore,  ro'obrain 

(HOCKING,  1983). 

for  OeteS^^SSn  ^Sre^^dS 
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ESTIMATION  ERROR  OF  SPECTRAL  PARAMETERS  OF  MST  RADAR  OBTATNFn 
BY  LEAST  SQUARES  FITTING  METHOD  0B™NED 

Mamoru  Yamamoto,  Toru  Sato,  Peter  T May1* 

Toshitaica  Tsuda,  Shoichiro  Fukao  and  Susumu  Kato 

i \ p ^1°  ltimaSpheric  Science  Center-  Kyoto  University,  Uji  Kyoto  611  JAPAN 
1)  Present  affihatton:  Wave  Proton  Laboratory,  Nat*J  bc(2 and Mmospheric 
Administration,  Boulder,  CO  80303,  U.S.A. 


1 Introduction 

‘"«e  -e  severe,  tech- 

For  the  return  signal  of  MST  rad^s l P°Wer’ r wind  velodty  a"d  spectral  width, 
shows  a Gaussian  distribution  which  is  described  L ^s^WoZu^  M)?™ 


S(f)  = 


V2k(t 


expf-^)2] 
l 2a2  J ’ 


(1) 


respectively.  and  P,  fd  and  a are  echo  power,  mean  Doppler  shift  and  spectral  width, 

first^dfec^m™  J a moment  method.  The  zeroth, 

shift  and  spectral  Zth,  correspond  to  the  echo  power,  mean  Dopp^ 

A Gaussian  spectrum  is  fitted  to  the  observed  ? ^ >S  a .leaSt  s1uares  fitting  method, 
residual  by  changing  the  parameters  The  qnp  T S°  ^ t0  mmimize  the  squared  sum  of  the 
autocorrelation  Let  ion o "hTtime fT  parameters  may  also  be  estimated  from  the 

from  the  phase  LTle  of  thf  retu^scThe  velocity  is  estimated 

GUILLEN,  1974).  ^correlation  function  at  the  first  lag  (e.g.,  WOODMAN  and 

( 1 9&5)^ ^^Ui^^rfomM^^f  tlLpukT-pLLetTo^6^  Y*™6  <1979)  WOODMAN 
moment  method  at  low  signal-to-noise  ratio  fSNRl  alth*  l°  56  beUer  than  that  of  the 

ZRNIC  (1979)  also  showed  the  theoretical  i;  • R ^th°Ugh  they  are  the  same  at  ^finite  SNR. 
spectral  parameters  which  is  obtained  h estimation  error  (Cramer-Rao  bound)  of 

there  are  no  theoretical  calculations  for  the  ntY™  estimators-  However, 

expected  to  show  be«er fiUing  method’  which  be 
low  SNR.  P th  0ther  tec,miq>ies  especially  in  the  region  with 

JL‘io»  se„,qr  SzSttss ol  ,he,fittinf method  by  usi"®  “» 

which  may  0cc„, S T a T°” MMboi'  We  also  investigate  problems 
random  L,71h»  , wS-.T  ? Wh“  “ 15  applie<i  10  Power  spectrum  of  a 

■o  approach  the  Cramer-Rao  bound  ^ t0  lmprove  lh'  Performance  of  the  fitting  method  and 
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2 Model  spectrum  and  computer  simulation  technique 

, »«,  ^ ^ 2giX“is; 

';ZZS  gSlSUSS  the  power  ratio  between  the  signs,  and  the  noise  as  Mows, 

(2) 

In  the  following  sections,  we  use 

(3) 

(4) 


Sh  = P/{  MPs)t 

where  M = 128  is  the  number  of  discrete  frequencies, 
normalized  frequency  and  spectral  width 

F = //A/, 

W = cr/A/, 


"h?he^nt^e::rw^ 

uct  of  the  Gaussian  spectrum  and  the  statistical  tluct  incoherent 

C T'he^s  t and  axd  tSStS  themodel  splctrum  is  p’roportional  to  the  spectral 
L1,y  itself  and  is  eq«a,  to  the 

ieaTS 

=SSSsi«=-‘ 

error  of  the  Doppler  shift,  EF)  as  follows. 

= \Jo2F  + b2F.  ^ ^ 

This  is  called  the  “rms  (root  mean  square)  error”  (BENDAT  and  PIERSOL,  1971). 

3 Estimation  error  at  finite  signal-to-noise  ratio 

Figure  1 shows  EF  for  both  the  fitting  and  moment  methods  versus  S, , when  n = ^ 

W = 2 fo,  the  fitting  method,  Er  is  0.44  in  the  region  m 

at  SN  > 10"\  but  we  recognize  a rapidinaease  f _ for  w _ 1Q  at  Sf/  _ 10\ 
causes  a larger  estimation  error  of  the  Doppler  ^ • noted  that  estimation 

However,  EF  starts  increasing  at  a similar  Sat  to  taat  *°r  e Us  wilh  that  of  the 

errors  are  almost  constant  with  SN  above  is  eve.  moment  method  becomes  less  than 
moment  method,  at  high  SN  the  estima  mn  err  for  w = 2 and  10,  respectively, 

that  of  the  fitting  method;  at  SN  - 10  , tF  - u.zo  anu 
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2 hLs%?lTtt%errL°i the  “ meth0d  18  aPProximately  60%  of  the  fitting  method  in 
is  region.  As  SN  decreases,  the  estimation  error  of  the  moment  method  gradually  increases 

%tr-  t 

S/'r Below  t; ' r' boih 

The  large  error  is  obtained  because  the  numerical  filter  captures  the  highest  peak  randomly 
distributed  in  the  fluctuating  noise  level,  and  accepts  it  as  the  first 
When  we  assume  a constant  distribution  of  EF  within  the  spectral  window  of  F = ± 64  he 
standard  deviation  is  approximately  37,  which  is  consistent  with  EF  at  F*  = IQ-2. 


4 Estimation  error  at  infinite  signal-to-noise  ratio 

£ sls  t* pr—  - * a* — *.  “rsr 

EF  = ky/wfa,  (6) 

where  A:  is  a constant.  From  the  data  shown  in  Fie  2 i - n m on/i  i.  n OG  r i ~ 
and  the  moment  methods,  respectively  ’ ~ ^ “d  * = 038  f°r  the 

dimensions  to  the  normalized  estimation  erroT E^ Theldml^n  errorTl 

£v  = K^O„/T0i  [Jj 

6 ^ kyj\f2  is  a constant,  T0  = nT  is  the  total  observation  period  to  obtain  a set  of 
spectral  parameters  T (s),  A (m),  and  <r„  (ms"1)  are  the  length  of  the  time  series  of  the  data 
the  wavelength  of  the  radar,  and  the  spectral  width,  respectfvely.  Eq.  (7)  shows  that?  if t 
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w Soiled ditted  lines  correspond  to  the  errors  fo,  the  fitting  and 

moment  methods,  respectively. 

is  infinite,  the  observation  period  is  the  only  factor  that  we  can  choose  when  we  observe  the 

“ r xt  ss  p nipf :t,srPc  «d 

*■  of  s:  xx 

the  statistical  Snctuations  density,  components  ttronnd  the  spectral  peak 

fluctuations  are  proportional  to  the  spectral  y,  <,nprtral  density  Thus,  the 

the  parameters  by  the  fitting  method, 

5 Lower  bound  of  the  spectral  parameter  estimation 

The  teas,  squares  fitting  method  gives  llrTtie"’^  « 

fluctuations  of  the  samples  at  different  frequency  P ANDT  1970) 

each  fluency  point  have  Gaussian  distribution 

The  second  condition  is  not  satisfied  in  the  eas  squ  variance  of  the  spectral 

We  nse  an  uniform  weigh,  fo,  all  spectra.  compo»eni thlT.Scal  fluc.ua, ion 

Tw^he"  y=lPX;“n  Th‘e°  /dSnUon  is  not  symmetrical  with  respect  to  mean  of  the 
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■no.  ot  incoherent  Integration 


sSS-'^iteS 

Smce  the  amplitude  of  the  statistical  fluctuation  is  proportional  to  the  spectral  density 

sss:s^‘i=" 

spectral  parameters  by  fitting  a p«Mk  cTH^mflTh  ' "V*"  “T'  ‘he 
havp  *u  nJ-  *•  p , , curve  t0  l0gP(^;J  with  an  uniform  weight.  We 

STX SST  to  fH  The'  a^PP'r  ^ f melh0d  The  «*““  ”f  *'■“ 
F “mg  us  snown  in  tig.  3.  The  estimation  error  obtained  bv  this  methnrl  i«  w 

““S  *7-’”  ‘imeS  leSS  ,h“  lh“  b»  moment  method  when  W ° 3 ^ 

5~  sssjSi 

y/n.  Also,  we  recognize  that  it  is  almost  proportional  to  IF1.  This  is  different  from  the  y/W 

?S  The  Eq  <6,X  bUl  ^ "'1  Wilh  lhe  lh«™“  forlCve  by 

(1979).  The  improvement  of  the  estimation  error  obtained  bv  this  filtine  in  ih7l™.  o 

domain  is  large,  for  spectra  w„h  narrow  width  than  spectoa  withTCwiith' 

,J zSm  wlMfr ?raCy  °f  the  Pu*se'Pair  or  moment  method  (DOVIAK 

CrleS  bo* \ Tub  ' f5)'  7 sh~”  “ »o  comparable  to  the 

♦ ^ .ud'  1 , because  they  replaced  the  sampling  interval  by  the  signal  correla 

Zl  SZZZ  y MC",a;e  the  Cramer-Ra°  b°“”d  Th^  h»*  mention^  thTa  X tog 
faster  than  the  correlation  time  is  redundant,  and  only  introduces  higher  frequency  compo 
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nents  with  small  spectral  density.  However,  for  a Gaussian  spectrum  with  infinite  SN,  every 
snectral  component  should  have  significant  information  no  matter  how  far  the  component 
SrSK  peak.  This  impliS  that  we  can  arbitrarily  increase  the  number  of  indepen- 
dent points  in  the  spectrum,  and  improve  the  performance  of  estimators  as  much  as  we  wah. 
The  perfonnance  of  the  moment  and  the  fitting  methods  in  the  inear  domain  . ; restricted 
because  the  equivalent  number  of  effective  spectral  components  is  limited  around  the  spectral 
peak  according  to  the  spectral  width.  The  result  clearly  shows  that  at  infinite  SN,  even  e y 
high  frequency  components  of  the  signal  spectrum  with  very  small  amplitude  have  substantia 
infportance  id  can  be  used  to  derive  its  spectral  parameters.  In  the  linear  domain,  contn- 
hTon  from  these  components  are  masked  by  the  much  larger  fluctuations  of  the  frequency 
components  around  the  peak.  Our  simulation  shows  that  the  parabolic  fitting  in  the  logan  - 
mic  domain  "one  technfque  to  realize  the  lower  bound  of  the  ML  estimator  by  making  use  of 

real  data  with  finite  S„.  As  cited  by  ZRNIC  et  «L  (1977), 
thelgarUhmfrfit  "better  if  spectra  are  free  of  artifacts.  However,  the  spectra  are  contam- 
mated  and  distorted  by  truncation  distortion,  aliasing  effects,  quantization  error  an  • 

Slttoatio  “eror  of  the  noise  level  will  .iso  affect  the  result.  However  if  we  produce  a 
fitting  routine  for  log|S(F)|  which  contains  these  contaminations,  it  should  show  much  bet  ei 

performance  than  the  existing  methods. 
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1.  INTRODUCTION 

,,  , ,!"  r.efnt  years  there  has  been  considerable  interest  in  a technique  of  spectrum  analysis 
mi  hithC  Manmum-Entr°Py  Method  (MEM),  developed  about  1966  by  J^P.^urg  This 
ethod  appears  to  offer  results  which  have  higher  resolution,  higher  accuracy  and  smoother 

tthan  tradjtlon.al  methods-  ^ is  important  to  have  a reliable  method  of  sprctrum  analysis 
eal- time  processing  of  mesosphere- stratosphere-troposphere  (MST)  radar  signals  \n  a 
n0?h  af  Case  the  tradifjonal  periodogram  method  is  used  in  MST  radar  data  processing  A 
How  atom  the  Sdiim^hefher  MEM 1S  “ aPpropriate  sPectral  estimator  for  MST  radar  signal 

SftMemSSifS  10  y s of  VHF  redare,  and  to  compare  the  accuracy 

nLse  ratms  r?/V  > H m C°™entlonal  Penodogram  method.  He  found  that  at  large  signal-to 
noise  ratios  (S/N  > 100),  differences  between  the  Doppler  shift  estimate  are  one  order  of 

hmiT  0f  the  periodo«n,1,L  At  moderate  signal-to 
tlo„  »k  ■?  < S/N  < 10),  MEM  and  MLM  estimates  have  significantly  higher  accuracies 
S/N  - 0 ?C?n  °^am  estimatest  with  the  largest  differences  in  accuracy  occurring  just  above 
S/N  - 0.3.  In  contrast  to  the  penodogram  method,  MEM  and  MLM  clearly  indicate  a S 

ZBi32SES!52?  "h“h  *■  ^ 

It  is  the  purpose  of  this  paper  to  primarily  investigate  MEM  SDertral  estimafpc  mi  t 
same  MUdam^ets  ^nd  H ^ COmpare  ^ conventional  periodogram  method  and  MEM  with  the 
in  the  MEM  dlSCUSS  imProvement  of  the  spectral  resolution  and  signal  detectability 

2.  DATA  AND  METHOD 

ffequenLhofM46  Imh;1^  “ ShLgaraki>  Japan*  « an  MST  radar  with  the  operating 
1 to  r?r  ion  The  troposphere-stratosphere  data  used  here  were  taken  at  mi 

1FP  was  400  (is.  In  each  direction  64  heights  in  the  range  5.4  - 24.5  km  were  samnled  ar  m 


However,  a power  spectrum  obtained  by  MEM  is  a continLus^uTaLnof^reqtn^rwWch 
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may  be  evaluated  over  an  arbitrary  grid  of  any  density  Themaximum  entropy  method 
produces  a smoother  spectrum  with  higher  resolution  than  the  FFT  method. 

3.  RESULTS 
discussion  is  given  below. 

Ac  in  mnct  rase s the  vertical  velocity  of  atmospheric  motion  is  very  small,  the 

rs4 

SIS  (For  ,h,  MEM  with  higher frequency  rejludon  .here  wUl  be  sore.  .reprovereems  m 
the  atmospheric  vertical  velocity  detectability,  as  seen  in  Figure  2(b). 

wwmmmm 

WSm WiSmMm 

4.  CONCLUSIONS 

In  the  nrevious  section  we  described  the  spectral  analysis  of  the  MU  radar  observations 
with  bo!h  the  MEM  and  the  FFT  method.  All  the  results  we  have  obtained  lead  us  to  conclude. 

a There  is  excellent  agreement  between  the  radial  verity  estimations  calculated  by  the 
MEM  and  the  FFT  methods.  Therefore  the  MEM  is  suitable  for  MST  radar. 

b.  It  is  found  that  the  MEM  is  useful  to  get  the  detailed  structure  of  the  spectra  which 
may  be  useful  to  understand  the  atmospheric  structure. 

of  elimina^^^ut^^ttw^iS  improving  of  ^ 


POWER  SF'ECTRAL  DENSITY 
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DOFPUF;  SHIFT  ,Wn 


P^re,  1 • ™e  power  spectrum  at  8.4  km,  in  the  10°  off  zenith  toward  the  east  Fnr  a, 

FFT  plus  Gaussian  fitting  method,  (b)  for  MEM.  ° lnC  eaSt'  For  the 
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PQPJEP:  SPECTRAL  DENSITY 
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Figure  2.  The  power  spectrum  at  14.1  km,  in  the  vertical  direction. 
Gaussian  fitting  method,  (b)  for  MEM. 


(a)  For  the  FFT  plus 
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IV*  i'S 
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ORIGINAL  PAGE  IS 

OF  POOR  QUALITY 


ie  power  spectrum  for  MEM  in  the  10  off  zenith  toward  the 
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SSSS ;£££,  fS™  **  of  ■»»*  shorn,  toe  series,  i,  has 
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— 0.™  — ™ “ 0F  ” 

p.  E-  Currier  and  W.  L.  Ecklund 

Aeronomy  Laboratory  . 

— 1 ~ss^ 

« — p— * - 

srsai'isr 

- th-  lo"*5t  *ltl“d**' 

Fro.  May  to  July  19.8  • 915  «“r2^‘“fi  “ 

the  Flatland  field  site  in  iUinois^  Thi^d  2Q  meter  tall  poies  that  are 

about  150  meters  by  vertical  wir  P ln  use . Some  of  the  vertical  wires 

part  of  an  old  antenna  which  is  no  1 6 dJ_  a controlled  "worst-case 

are  loose  and  move  freely  in  the  p,  tv,e  915  MHz  radar.  We  noted  that  the 

close -range  ground  aD0pPlerVspectrum  of  the  clutter  from  the  a°ving 

intensity  and  spread  of  the  Doppler  p enrface  wind  speed  measured  at  the 

wires  increased  in  a predictable  way  as  the  Pthe  Doppier  spectrum 

site  increased.  This  allowed  us  P.^  ^ Qh  d Doppler 

of  the  unwanted  clutter  as  a f C f b noting  the  recorded  wind  spee 

;cr£oS  £*>«•  ^ £~- -ctr* 

This  technique  is  demonstrated  in^Figs^l^and  2.^A  Doppl^  P Fig.  1^ 

sr^ssrs^sr;-" 

clutter  due  to  the  moving  wires  is  center  left  side  of  the  spectrum)  at 

overwhelms  the  wanted  Vmomen/of  the  Doppler  spectrum  at  each  height 

the  lowest  altitudes.  The  first  moment  of  ^Qte  that  che  first 

is  shown  by  a vertical  tick  mark  °ard  zero  radial  velocity  as  height  decreases 

rerow\iLprTusl^  the 

« —»t.  ««*  ch.  d..«-.lr  *“>  “* 

biased  by  ground  clutter. 

The  technique  of  clutter  it  remains  to 

SMS  ~ J™  in 

vironments.  Although  this  technique  - approach  is  to  locate 

from  sites  with  bad  l^'^^J^^cing  structures.  If  this  is  not  pos- 
the  radar  away  from  nearby  clutter  produc  g producing  objects  may  be 

•K1_  rhe  low-elevation  antenna  response 
sible , • , . nr  screening  the  antenna, 

reduced  by  shielding  or  screening 


Doppler  spectrum  with  ground  clutt 


««  =?  RADAR 


t?  Snresh  Nair 


SAMEER,  IIT  Campus 
Hill  Side,  Powai,  Bombay  400  076,  India 


introduction 

The  complementary  ^^sl^l^lyS7emlp  arame  terHilmreceiver  bandwidth, 

and  phase  droop  within  the  pulse  can  degrade  the  range  sidelobe 
performance  in  a practical  radar  system. 

The  Indian  MST  radar  which  ft,  using 

analyze  the  effects  of  vanous  factors  like  tfa: foSSse  phase  distortion,  on  the  range  resolution 

bifcomplemcntary  Konv.ni.L,  though  a .6-  or  32-bi.  cod.  is  planned  to  be 

used  in  the  radar. 

description  of  the  model 

The  radar  system  is  modeled  as  shown  in  Figure 
MHz  signals  and  is  phase  modulated  in  the  mod  i h sequences.  A,  B,  A,  B,  namely 
generator.  The  code  generator  generates deg  phase  shift  and  'O' 
(11101101,  11100010,  OOOlWia  (WUlOl),  th  1 g y j . considered  to  have  a 
signifying  180  deg  phase  shift  (LORIOT,  1983). ^**8“  j microsecond.  The  code  clock  (1 

pulse  width  of  8 microseconds  a reference  at  5 MHz  The  spectrum  of  the  transmitted 

MHz)  is  considered  to  be  in  phase  ^th  the  reference  at  5 ' P for  n microseconds  on 

signal  is  calculated  over  a period  time  domain  data  to  a 2048  point  FFT.  This 

either  side  of  the  transmitted  pulseand  suiting  bandpass  filter.  The  filter  is  assumed 

spectrum  is  then  multiplied  with  the  ^nsfe  charactenstic  and  a linearly  sloping  group  delay 
,0  have  in  the  passband  “P1  V0“"p™i  of  .he  liter  .tin  ou.pu,  is  .hen 

characteristic  as  shown  in  Figured  lhe  t m ^ ,inear  operations  of  up  converting  o 

obtained  by  subjecting  ^^^JJ^^sstonand  subsequent  down  converting  to  5 MHz 
af tef reception  w'ere  considered  to  have  no  effect  on  the  signal  characteristics. 

I.  is  assumed  .ha.  .he  received  mjl* 

identical  to  the  transmitted  waveform ^obtained  Pf  2048  random  numbers  representing 

SEilyEdEnSK  S1&  si^tintesannples.  The  random  noise  .ha,  ,s  so  steals, ed 
may  be  considered  to  have  a bandwidth  of  ± 32  MHz. 

The  video  ompu.s  are 

^4*  “eiv“1  !l8"al  wi,h  in'phase  and 

quateatee  phlle-shified  5 MHz  reference  sign*,  reaped., vely. 

The  video  ou.pu.s  are  ,hen  sampled  with  . 1 

SSS  te  te's^gered^y  1/8, h microsecond  such  Iha.  ,he  signal  may  be  mcons.i.n.ed  after  „ 
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delay 


f - Center  frequency 
f-phk3  to  f+phk3  pass  band 
del-  initial  delay 

Phk4  - delay  at  the  frequency 
offset  of  phk3 


Figure  2.  Assumed  group  delay 
characteristics  of  the  filter. 
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Thus  the  effects  of  these  irregularities  have  also  been  studied. 

The  details  of  the  algorithm  and  the  flow  chart  can  be  found  elsewhere  (PATRO  and 
SURESH  NAIR,  1988). 

RESULTS 

Fieure  3 shows  the  time  domain  waveforms  of  the  transmit  signal,  I and  Q video  channels 
signal  forKgh  Sm  station  and  a transmit  bandwidth  of  1.7  MHz  and  video  bandwidth  of  0.85 

MHz. 

Fi  mires  4(al  and  (b)  summarize  the  effect  of  transmit  bandwidth  on  range  sidelobes  under 
situatioSTa8 SNR  and a low  SNR  (of -10  dB),  respectively.  The  following  mferences  may 
be  drawn  from  these  figures. 

ia'i  The  (nearly)  unrestricted  bandwidth  case  is  ideal  in  the  sense  that  there  are  no  range 
sidcl„bS  bTtU  alw  allows  significant  noise  ,o  enter  into  .he  decoded  onrpu.  and  final  SNR  .s 

poor. 

rhi  A low  transmit  bandwidth  of  1 MHz  and  video  bandwidth  of  0.5  MHz  may  be  ideal 
from  thepoint  of  view  of  minimum  interference  with  adjacent  channel  and  noise  suppression  but  it 
gives  rise^to  an  unacceptable  16dB  sidelobe  level  and  poorer  range  resolution. 

(c)  A transmit  bandwidth  of  1.7  MHz  and  video  bandwidth  of  0.85  MHz  may  be 
considered  to  be  a suitable  compromise, 

same in^e ie«i^^.hnnd.e^»ini^ fid^ol^ onowe  sidc^daMo'a lev^ofS20*d?MDehw the 
main  peak. 

Figure  6(a)  shows  that  amplitude  droop,  considered  alone  may 

peak. 

CONCLUSION 

con^ss^ 

specifications  to  meet  a desired  system  goal. 
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Figure  3.  Time  domain  waveforms  for  1.7  MHz  bandwidth 
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Rx  VIDEOTBANDE=  4MHz  Rx  VIDEO  BAND  - 0.85MHz  RX  VIDEO  BAND  - 0.5  MHz 

FIG.  4(a) 


TX  PASS  BAND  » 

UNRESTRICTED 
RX  VIDEO  BAND  * 4MHz 


TX  PASS  BAND  1.7  MHz 
RX  VIDEO  BAND  “ 0.85MHz 
FIG.  4(b) 


RX  VIDEO  BAND  - 0.5MHz 


Figure  4.  Effect  of  transmit  bandwidth  on  range  sidelobes.  (a)  under  high  SNR,  (B)  under  low 
SNR  (-10  dB). 
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DIFFERENTIAL  DELAY  - 0 nSEC  DIFFERENTIAL  DELAY  - 100  nSEC 


Figure  5. 
band  = 1 
dB. 


-E5S‘ of  delay  distortion  on  range  sidelobes.  Initial  delay  in 
.7  MHz;  initial  delay  m video  LPF  = 350  nsec;  RX  video  band 


BPF  = 350  nsec,  TX  pass 
= 0.85  MHz.  SNR  = 100 
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1 Introduction 


It  has  been  found  that  a sensitive  VHF  Doppler  radar  can  detect  precipitation  echoes  si- 

U986ni98^y-  Wltl  ec^°  from  the  ambient  atmosphere  (Fukao  et  al.,  1985).  Wakasugi  et  al. 

! "nes  iga  ed  a computer  algorithm  to  derive  parameters  of  drop-size  distribution 
^ well  as  the  mean  vertical  velocity  and  fluctuations  due  to  turbulence 

, } aSSU“mg  a‘‘  exponential  form  which  was  suggested  by  Marshall  and  Palmer  (1948)  for 
he  drop-size  distribution  and  a Gaussian  distribution  for  the  atmospheric  turbule nee  spect  a 
they  have  applied  least-square  fitting  to  the  observed  spectra.  1 ’ 

This  method  gives  rise  to  reasonable  parameters,  in  case  good  initial  values  are  used  for 
th  parameters  to  be  estimated.  Their  algorithm  needed,  however.  humL  Tntelhgence  m 
determining  these  initial  values  except  when  the  rain  echo  component  is  cleaHy 
fiom  the  atmospheric  echo  component  in  the  observed  power  spectra.  We  have  extended 
mu  method  to  find  appropriate  initial  parameters  purely  by  computer  in  order  to  enable 

original  data  ^jS?^2[!bUti0n  ^ Vel°dty  automatically  from 

We  have  also  quantitatively  investigated  the  capability  of  the  MU  radar  in  measuring 
anous  parameters  associated  with  precipitation,  such  as  the  number  density  of  rain  drops 

We  P’S1Ze  ?T  n’  a'ld  thC  maximum  fal1  velocity  by  means  of  numerical  simulations’ 
We  piesent  the  accuracy  of  individual  parameters  in  terms  of  the  number  of  incoherent 
integration,  and  then  compare  the  resultant  rainfall  rate  with  that  measured  on  the  ground. 

2 Derivation  of  Rain  Parameters  from  Echo  Power  Spectra 

' ” °' "h°  atanCe  1 atmospheric 


S(v)  = C ■ N(D)D6\^i£H 


dD 


(1) 


1 S'  ■ aU 

where  C IS  a constant  which  represents  all  factors  in  the  radar  equation,  v(D)  is  the  fall 
velocity  (positive  upward)  of  ram  drops  with  diameter  D,  and  N(D)  is  the  number  density 
distribution  of  the  drops,  which  can  be  approximated  by  the  Marshall-Palmer  distribution- 


N(D)  = 


NQexp(-AD) 

0 


for 

for 


^max  ^ V < 0 
^ ^ ^maxi  0 < V 


(2) 
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«.here  K is  « constant  proportions!  to  the  number  density  of  rain  drops,  A is  the  spectral 

of^vHF  :h^rp»i“:  s r«bi“  ^ 

amplitude  is  s^rimpcoed  - W>' ^^.uSnee  *J!£TS.  the 

“a,.,rtngP*me  and  other  broadening 

:S=2==5£=ta 

radar  real-time  data  processing.  , . narampters  in  (2)  from  an  ob- 

Takina  all  these  effects  into  consideration,  we  can  derive  param 

“„Ta  Twta  series  around  some  suitable  set  of  initial  values  of  the  parameters,  applres  the 

“”Tb‘T‘^^ 

Observed  eeho  power  speetrum  - £££ 

theoretical  on,  (smooth  curve).  The  observed  spectra  were , ^ ' ™”c  "Uence 

SS  ottS/X^X^ce  of  stromg  ground  clutter, « is  subtracted 
this  figure.  The  noise  level  is  slightly  overestimated  probably  because  of  t n P- 


in 


3 Intrinsic  Accuracy  of  the  Estimation 

As  shown  in  Fig  1.  the  observed  spectra 

statistical  nature  of  the  scattering  process  dpnsitv  and  can  be  reduced  only  by 

ss;  r £r3^==»  =r  *a,  - ,, 

residual  of  the  fitting,  as  can  be  done /“  SedC™«H by  means  of  numerical  simu- 
We  have  evaluated  the  accuracy  of  1 1 P convolved  with  and  added 

lations.  We  generated  theoretical  spectra  expected' for  real  data,  and  smeared 

— u^^^ 

rs  Slt^SSKT!^ — “ 
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rerSL0f  fM,S  W“'  d*““‘  “>d“”  — ■*  o-«er  .0  ™ine  the  mean  vaiue  of 

intenSnflf "7  “ “a,l,p',0',l|e  of  this  simulation  versus  the  number  of  incoherent 

6 x to-,  A = 25°em-"S  - ^ Tn  T,K  m0del  «1"“  ««  JV.  = 

ysasr  ^ ~ - “iSi"«stss: 

number  “ J ”‘70™?*  “ ">0«  ™lues  when  the 

for  the  estimation  of  AT..  For'  example,  error  Znnts’  Tata,  ” SZ7  w“S’  “"“-if 
which  corresponds  to  a time  resolution  of  i min  if  . , ° Wnen  ™tc*>h  6’ 


4 Comparison  with  Ground  Measurements 
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x 105 


Fig.  2.  Statistical  «„or  of  the  Httta,  al8.ri.tan > 

t- — — - 

corresponding  parameters  from  the  given  values. 
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d,°  aTr  d,uring  the  incoherent  avera^- 

estimation  of  the  rain  parity  1*  ’ ’ “ ^ *«*»  ^ "takes  the 

wit^hiTTL^red  f WhTisoIur1181^  dedUCed  ,fr°m  ^ MU  radar  data 

Site.  Tie-  ,„„  pa,, el  of  pw“ £5  *„  f.f.'T  " T 6“«e  located  « «*  MU  rad„ 
a series  of  olen-.rio,,  ,°  ™h”s  * * MU  radar  for 

component  due  to  rain  echo  was  identifWl  l +1  ^°tS  ^enote  ^iat  ^ie  spectral 

only  the  atmospheric  turbulence  comfo^enf  uf  f !?  and  ^ d°tS  den0te  that 

was  detected.  The  miXaad llT,^  , Blailk  area  means  that  the  no  echo 

gauge  and  by  the  MU  radar  respectively ^Botli^raf  * ^ iai”  1Iltensity  measured  by  the  rain 
in  the  unit  of  mm/hour  The  rZ  i , eStv  cal^Ja  H ^ “tensi*  exPressed 
the  MU  radar  echo-power  spectra  b our Inrir.  T * paiameters  we  ^ived  from 
region.  Since  the  echo  power  of  the  MU  ildar  'dies  mUi  aVCraged  °'7'  L5~3'5  km  height 
verbal  scale  of  the  bottom  pane,  is  adj!,^  * 

e giound  and  tadar  measurements  agree  within  a factor  of  9 fnr  r 

and  the  correlation  coefficient  between  the  two  is  0 87  1?  , 1 T*  of  the  Period- 

discrepancies  are  attributed  to  the  advection  of  the  ,'a-  u l,°U  < be  110ted  that  some  of  the 
the  radar  and  the  ground  comnarisnn  l *1  am  cells  between  the  height  measured  by 

the  minimum  rain  intensity  detected  by  the  Si  ^ 

5 Summary 

0V“  Trr  *r ,he  Mu  — 

with  that  measured  on  the  ground  TIip  i>  t • ■ ie  es  imated  Ia,n  intensity  was  compared 
expected  to  be  about  107  0 , , ,“tr“?c  accuracy  of  the  estimation  procedure  is 

a,!l  1.5  kS  m hSt.10S^  over  10  min  in  time 

intensity  was  0.87  for  a 12-hour  observation.  giound  measurements  of  rain 
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Fig.  3.  Comparison  of  radar  and  ground  measurements  of  the  rain  intensity.  The  top 
p Lie* Z the  detection  of  rain  echoes  by  the  MU  r»d„.  L«g.  do  • de»  h« 

snectral  component  due  to  rain  echo  was  identified,  and  small  dots  denote  that  only  the 
atmospheric  turbulence  component  was  found.  The  middle  and  lower  panels  compa 
„ llL,  measured  by  the  vein  gauge  end  by  the  MU  radar,  aspect, vely.  Both 
values  are  10-min  mean  intensity  expressed  in  the  unit  of  mm/hour. 
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NEW  QUASI-COMPLEMENT ARY  CODE  SETS  FOR  ATMOSPHERIC 
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Electrical  Engineering  and  Applied  Physics  Department 
Lase  Western  Reserve  University,  Cleveland,  Ohio  44106 


Summary 

radaTelnS  sidelobes  in  high-resolution  atmospheric 

radar  experiments  with  complementary  code  pairs  is  not  attained  due  to 
nonlinearities  in  radar  transmitter,  and  due  to  poor  coherence  of  atmospheric 
targets.  Quasi-complementary  code  sets  (QCCS)  are  sets  of  binary  sequences 
with  low  correlation  sidelobes.  TTiese  sidelobes  nearly  canceTou?  in  the 

n^r^Ctl°n,aCCUmulated  °ver  a QCCS-  Sulzer  and  Woodman  (1984) 
OCCS  ofSle’.bUt  partia1,  comPuter  search  at  Arecibo  to  find  32-bit 
havelnH  a maximum  residual  correlation  sidelobe  level  of  4 We 

for  a base  sit  0^844  aUSUVe  ““TT  learch  through  aU  32’bit  sequences 
tor  a base  set  of  844  sequences  (and  their  binary  complements)  with  a 

maximum  correlation  sidelobe  level  of  3.  Codes  in  the  base  set  are  then 

combined  to  generate  QCCS  of  specified  size,  and  a maximum  residua" 

correlation  sidelobe  level  of  2.  The  base  set  is  sufficiently  large  to  allow 

more  stringent  selection  criteria  using,  e.g.,  lower  rmS Torrela tZ 

sidelobes  and  better  Doppler  ambiguity  characteristics. 


Introduction 

The  objective  of  pulsed-Doppler  radar  experiments  for  probing  the  middle 

bXvdodiv  The'mL'f'  regi0nS  °f  turt,ule"“  10  te  r 

^velocity  The  measurement  accuracies  for  turbulence  intensity  and 

radial  velocity  depend  on  the  received  signal-to-noise  ratio  tSNRd  Tn 

_e  the  SNR,  widest  possible  radar  pulses  should  be  u^dwUhi’n  £ 

p ak  and  average  power  limitations  of  the  transmitter.  Yet  for  improved 

range  resolution,  which  is  inversely  related  to  the  pulse  width,  pulses  should 

as  narrow  as  possible  within  the  allowed  transmitter  bandwidth  . 

^aTnedC1i!hatdt!Ct0ry  ^uire,ments  on  range  resolution  and  SNR  can  be 
tamed  with  the  use  of  pseudo-random  binary  phase  codes  in  transmission 

and  an  inverse  operation,  or  decoding,  on  the  received  signal  Effectively  a 

h^gpUSeat  a constant  carrier  power  level  is  transmitted.  At  subintervals  or 

oT  So"  ?neaPrr  1 ^ °f  ^ CaiTier  * enCoded  or  modulated  by 
+90  or  -90  in  accordance  with  a pseudo-noise  binary  sequence  In  the 
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TheVange  resolution  after  decoding  corresponds  to  the  baud  length,  but 
SNR  depends  on  the  pulse  length. 

First  use  of  binary  phase  codes  in  atmospheric  radars  is  due  to  Ioanmdis  and 

FffurelXwsthe 

shown  for  an  assumed  band-pass  frequency  response  of  the  receiver. 
fS  receiver  passband  causes  a loss  in  signal  power  and  mtroduces  a finite 
group  delay.  Corrections  for  these  must  be  applied  after  decoding. 


13  -i 


ioH 


0 4 8 

Lag  in  units  of  baud 

FIGURE  1 The  13-baud  Barker  sequence  (inset)  and  its  autocorrelation 

of  ft.  code  wid,  the 

target  is  shown  centered  at  the  nominal  range  delay  for  the  target  i ne 
receiver  frequency  response  is  that  due  to  a second-order  bandpass 
Butterworth  filter.  The  total  3-dB  bandwidth  of  this  filter,  about  the  earner 
frequency,  is  half  of  the  inverse  baud  length. 
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5?  fh^t0ther,radar  exPenments,  the  received  signal  fades  slowly  compared 
to  the  inter-pulse  period  (~1  ms)  i.e.  the  atmospheric  medium  behaves  as  a 
relatively  coherent  target  over  many  transmitted  pulses.  It  is  then  possible  to 
odulate  successive  pulses  with  different  phase  codes.  Particularly  useful  are 

E“*  W-^  COmpITentary  pr°Perty’  **  the  sum  of  their  correlation 
sidelobes  vanishes  exactly  [Golay,  1961].  Such  code  pairs  were  initially  used 

n middle  atmosphere  experiments  with  the  SOUSY  and  Arecibo  radars 
[Schmidt  et  td  1979,  Woodman,  1980J.  Since  only  two  diffemn,  ™dS  am 

pulses  [Kastogi,  1983],  an  efficient  implementation  of  the  cross-correlation 

Fieure02?h8nSCheT9 “ obtain®d  by  relegating  it  after  coherent  averaging 
igure  2 shows  a 32-bit  complementary  code  pair,  and  the  autocorrelation 
function  for  one  of  the  two  codes.  Codes  in  the  pair  have  poor  pseX-Se 

^22<7  of  th?  evidenced  by  *eir  high  correlation  sidelobes  at  level  ±7  or 
f *e  zero'iag  value.  These  large  correlation  sidelobes  do  not  exactly 
cancel  in  practice  due  to  transmitter  nonlinearities,  and  due  to  rapid  changes 

£££££"•  ™s  ofttn  resu,ts  ta  8ta  “ 


WfiSffnr  A 32/baud  c°mPlementary  code  pair  and  the  autocorrelation 
function  for  one  (A)  of  these.  The  zero  lag  value  of  32  is  out  of  scalp 

TXsXXfdhl0beS  °f  C°de,S  A and  B are  Averted  replicas  of  each  other.' 
The  sum  of  their  autocorrelation  functions  is  64  at  zero  lag  but  zero 

elsewhere.  Large  sidelobes  of  magnitudes  3,  5 and  7 do  not  perfectly  cancel 
m practice  and  produce  ghost  echoes  after  decoding.  y 
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When  the  on-line  computing  resources  permit  pulse-by-pulse  decoding,  it  is 
:“"uf„«sStS  discussed  by  Sarwam 

teSn>S  ui^iSdUy'geu”1 Seibutte  limitation  on  number  of  codes  is 
ototoo  tlsriaWe for  amospheric  radar  applications.  Individual  codes  m a 
CCS  JsuaUy  have  large  correlation  sidelobes.  An  exact  cancellatton  of  ftese 

sidelobes  wS&V*  to 

SrX" binfry  %S£t 3* gl  correlation  sidelobes  and  then  to 
™mbS  an  aAhraty  number  of  these  in  a quasi-complementary  code  set 
SccSb  ZLtical  methods  for  finding  QCCS  ate  apparently  unavatlable. 


Quasi-Complementary  Code  Sets  (QCCS) 

The  first  use  of  QCCS  in  atmospheric  radar  experiments  is  due  to  Sulzer  and 
w^otom  a98«  They  used  m intensive,  but  partial,  computer  search  for 
32  bit  OCCS  As  indicated  above,  the  search  comprises  two  parts  (•)  ut  ujg 
h52  set  of  codes  with  'good’  correlation  sidelobes,  and  (it)  a meftod  of 
combilg^ ^aS  arbitrary  nlber  of  dtese  to  fotm  a QCCS  w,th  aocepuWy  low 
residual  sfdelobes  in  the  correlation  function  accumulated  over  the  set. 

In  discussing  QCCS,  we  first  remark  that  the  decoder  output  is  a voltage 
sienal  If  the  autocorrelation  function  of  a binary  code  sequence  is  r( 

background  of  random  point  targets  on  signal  power “ Nation 

minimized  by  requiring  that  the  integrated  power  W200 111  the  correlat 
sidelobes  of  a code  sequence  should  be  minimum. 

Sulzer  and  Woodman  (1984)  specified  the  criterion  that  the  total  power  in  the 
correlation  sidelobes  should  be  20%  or  less  than  that  of  the  main  lobe,  i.e. 


{Stride)}  < 0.2  r2(0). 
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Wuli  this  cntenon,  they  found  a base  set  of  -300  codes  in  a partial  search 
through  -0.7  billion  codes.  They  formed  QCCS  by  selectivefy  combining 
codes  from  this  set  in  groups  of  four.  In  an  actual  experiment  ^he  residual 
corTehtion  sidelobe  level  of  a 32-bit  QCCS  of  size  48  was  found  to  i itte 
than  for  complementary  codes.  We  have  therefore  undertaken  an  exhaustive 
search  for  a base  set  of  32-bit  codes  and  have  devised  a simple  algorithm  for 
forming  near  optimum  QCCS  of  arbitrary  size.  aigontftm  tor 


New  QCCS  : Search  Criteria  and  Code  Properties 

An  exhaustive  search  for  a base  set  of  codes  with  minimum  correlation 
32  u^  fVe  'S  a comPutation  intensive  task.  There  are  232 or  over  4_5ilJi 
32-bit  codes.  Since  sequences  {aj}  and  {-aj}  have  the  same  autocorrelation 

Sign  bit  omitted’  search  must  still  be^aS 
8,h  2 codets-  Turyn  (1968)  gives  the  lower  bounds  on  maxk  IrflOl  for 

bitVc^deT^LLdneTfl^75)  h^'  ^ ^ °f maXk  lr(k)l  is  3 **  32- 

i cooes.  Lindner  (1975)  has  conducted  an  exhaustive  search  for  hinarv 

codes  with  minimum  correlation  sidelobe  level,  for  code  lengths  up  to  40  . Y 

3?haSP^ed  °f  CUrTen,tly  available  workstations  has  enabled  us  to  conduct  an 

Sun  3/57  C a^T  SCarfh  f°r  3 b3Se  Set  0f  32'bit  codes  in  about  400  hr  on  a 
IrtlcV/h2'  ^ C°de  1S  excluded  as  soon  as  a correlation  sidelobe  magnitude 
S 18  ^countered.  A total  of  1688  codes  with  correlahon  siddotes 

half  of  thes^or  844  rod  “"h  ^ excluding  the  b»nary  complements,  only 
at  ot  these  or  844  codes  have  been  retained  in  the  base  set.  The  size  of  rhe 

base  set  agrees  with  that  reported  by  Lindner  (1975). 

? ***  ba,seset  0f300  codes  found  by  Sulzer  and  Woodman  (1984)  have 
an  r.m.s.  correlation  sidelobe  level  below  1.82,  but  their  maximum  sidelobe 

evel  may  be  as  high  as  6.  Codes  in  the  base  set  of  844  codes  reported  above 

Sf)  52T,X„h7  C75la,i?n  Sidel0be  level  of  3’  and  a r.m  s tevel 

.n  th52'  ItKulcl“des  104  codes  with  an  r.m.s.  sidelobe  level  below  1 82  Codes 
in  this  subsethave  optimum  correlation  sidelobes  in  both  the  absolute  and 
r.m.s.  sense.  THe  envelope  of  correlation  sidelobes  in  ouZsTsait^t 

3‘  F°,r  ccmpanson  the  correlation  sidelobes  of  codes  in  the  sample 
QCCS  given  by  Sulzer  and  Woodman  (1984)  are  also  shown.  P 

The  task  of  forming  optimum  QCCS  of  a given  size  from  the  base  set  is  in 
principle,  quite  formidable.  Selecting  a QCCS  of  m codes  fmm  a ! base set’  of 
size  n requires  a search  through  "Cm=n!/  m!(n-m)!  possibilities  In  our  case 

£ 4Tx^fPTb,htIeS  Is  100  large  t0  exhaust  e g-  for  m=1°  and  n=844  it 
4.8  x 1022,  and  even  with  n=104  it  still  is  -2.6  x 10*3.  It  suffices  therefore 
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to  search  for  QCCS  with  acceptable  properties  in  terms  of  a threshold  for 
sidelobes  of  accumulated  correlation  function. 


We  have  sought  QCCS  with  a threshold  level  of  2 (or  3 forsomeodd  m^A 

vlSs  a OCCS  for  m<64  in  less  than  5 min.  For  a set  with  m=48,  ttte 
correlation  at  aero  lag  is  32x48=1536.  TTte  correlation  s.ttelobesge  ^TdB 
helow  the  zero-lag  value.  The  theoretical  performance  of  this  QCCS  is  about 
Star  than  the  one  reported  by  Subset  and  Wo^a^  (19^  shoum 
helow  in  Figure  4.  The  performance  can  be  improved  even  further  by  using 
the°subset  of  104  codes  in  the  base  set  with  optimum  corre ■ sj£ ££ 
levels  An  example  of  a QCCS  of  32  codes  is  appended  as  Table  A-l.  Despite 

its  smaller  size,  its  residual  sidelobes  at  ±2  or  -54.2  ® ««  shg  SmaU^fze  are 
the  QCCS  of  48  codes  given  by  Sulzer  and  Woodman.  QCCS  of  small  size  are 

desirable  as  they  permit  a larger  Doppler  bandwidth. 


10-1 
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Sulzer  Woodman 
Alternative  Base  set 
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FIGURE  3 Envelope  of  correlation  sidelobes  for  a 32-bit  QCCS  of  48  codes 
given  by  Sulzer  and  Woodman(1984),  and  for  the  alternative  base  set  of  844 
codes  described  in  this  paper. 
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32GhVtROrr^nf d io  .0beS*n  ?e  sum  of  autocorrelation  functions  for  a 
bit  QCCS  ofsize  48  given  by  Sulzer  and  Woodman  (1984),  and  an  for 
alternative  set . The  zero-lag  value  of  1536  is  out  of  scale. 


Discussion  and  Future  Directions 

In  summary,  we  have  found  a base  set  of  32-bit  codes  with  minimum  absolute 

^°HnT12!0IUldeu0beS’  3nd  have  identified  a subset  with  low  r.m.s  correlation 
i e °bes.  This  base  set  has  been  used  for  obtaining  many  QCCS  with  better 
esidual  correlation  sidelobe  levels  than  reported  earlier.  These  QCCS 

s ould  be  useful  in  middle-atmosphere  experiments  at  any  radar  installation 
with  pulse-by-pulse  decoding  capability.  installation 

“P  <°  64.  may  be  useful  for  mapping  the  structure  of 
Kelvin-Helmholtz  instabilities  in  the  mesosphere,  and  the  transition 
r gion  from  turbulent  scattering  to  incoherent  scattering  (at  VHF)  We  have 
found  a partial  base  set  for  64-bit  codes. 

A selection  criterion  may  further  be  imposed  on  these  QCCS  in  terms  of  their 
ambiguity-function  behavior.  In  UHF  (430  MHz)  radar  experiments  a 
consfant  md'al  wrnd  of  2.5  m/s  produces  a hamronic  component  of  -MO  ms 
period.  The  phase  change  introduced  by  the  medium  in  35  ms  is  ±90“ 
comparable  to  the  phase  modulation  imposed  on  the  carrier  In  probing  a 
Sr1"'  the  code  performance  is  impaired  even  for  small  Doppler 

^ ®xamming  1116  ^biguity  functions  for  QCCS  to  select  theones 
with  better  performance  for  Doppler  measurements. 
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Appendix 

a^veSet^r5  * ^ QCCS'  ^ reSidnal  romlatfo"  Globes 

TABLE  A-l  : An  Alternative  32-bit  QCCS  of  32-bit  Codes 


CODE  LUL 


AUTOCORRELRT I ON  FUNCTION  RT  LAGS  1 TO  3 1 


ce4b06a8 
a0bce244 
af8 12462 
87aa3 124 
e6  165cbf 
dadcebaO 
c3fd666b 
9cf8 156d 


-3-2-3-2-1  2- 1 
10-12  10-3 
1 2 3 2-1-2 
-3  0-3  0-123 
3-2  1-2-1  2 3 
-3  2 
3-2 
-1  2- 


0 3 2-1  2-1  2-1  0 1-2-3 
0-3-2- 1 0-3  0-3  230-1 
1 2-12  3-2  1-2  1-2-1  2 3- 
0-1-2  3 2 1 2- 1-2-3  2 3-2  1-2 


i m-'U  i f-iiiB ! rriTiTrri 

W-,-2-,-2-3-2-3-2-3  0-,  2 , S-!  I l-\  f.f  VtlTll  \ 


2 12  1 0-3-2  1 2- 1-2-1 
0 1230303-2  10-1 
2 1 -2-3-2- 1 2-3  2-3  2-1 
1 0-3  2 1030-1 


8c3e9bb5 

3 

ccb507df 

3 

b42ebe?3 

3 

b4b9dfa2 

3 

935387 fd 

3 

84e126ae 

3 

d 1b473fb 

3 

8c2a0f64 

3 

8c5afe9b 

3 

e 16e65 10 

3 

a9b6073d 

3 

d562 1270 

3 

dac5 1 1 fO 

3 

ddbbcaOf 

3 

9655881c 

3 

84e049ab 

3 

c622e04b 

3 

cb2f5fc4 

3 

ea6c873f 

3 

b5a28330 

3 

aed9cfc2 

3 

9 1282f38 

3 

ad88be7d 

3 

8 fb6c46a 

3 

- 1 0-3-2 
-3230  3-2  1-2  1-2  1 
0 3 2- 1-2-1 
2-3  2-121 
2 3 2 1 
0-3  0 1 


3 2 3-2-1 
-3-2-1  0-1 
3-2  1 0 1 
1 0-3  0-3 


12  123030  1 2— 1 2 1—2  3 0—3—7  7—7  70  < A . « 

3 2 3 0-,  0 1-2-3  2-3-2-3'  2-3-2  111  £?  0° 

3 2 12  1-2  1-2  1 0-3  2 3 0-1  2-1  2-1-2  1-2 
0-1  2- 1-2-3  21032-1  2-1-2 
0-1-2  3212-3  0-3  2-3-2  1 0-3 
0 3 0-1  0-3  0 1 0 3-2-3  2- 1-2-3 
2-1  0-3  0 1030-1  0-3-2  32  1-23 
2 1 2-1-2  3 2 1 -2-3-2  3 2-10  3 0-1 

-1  0303030-1 
1-2-1  2 S-2-3-2  3 
-1-2  1-2-3  2-3-2-3-2-3-2  1 
-3  2-3  23-230  3-2-1  2 3-2 
1 2-3-2-3-2-3-2  1 2 1 
3 2 3 2-1  0 3 0-3-2- 1 
-3  0-3  0 1 2 3-2  1-2  1 
-1030-1-2  12  123 


2-1  2 1-2-3  2-1-2 


3-2  1-2  1 
10  12  1 
12-10  1 
1 0-3  2-1 
2 1-2  1 
0 12-1 
0-12  1 
0 3 0-1 


o 3-2-,  2 3 in  L'-JrL0-,' 

2 3-2-3  2 3-2  3-2-1  2-1-2  3-2  3-2  ' 
'2  12  1-2-3  2-3  0 1 2 1-2- 1-2-1 
0-3-2  1-2-1  2 3 0-1-2  3 2-1  2- 1-2- 1-2 
2-12  10  3-2  1-2  1-2-1  0101 
030-12  1 0-3  0-123  2-3-2- 1 
0-1  2 3-2-3  2-3  0 1-2  3-2-1  2-3  0-3  0 1 


1 

2 12  1 
0 3 0-1 


0 

-2 


{mu\i\i\r\  i 


32  54.2  dB 


I 1 ' " l 1 ' f 1 I 11  11  | 1 i 1 1 | 1 i 1 1 | ! i i 1 1 i LAG 
10  20  30 
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FLAT LAND  DATA  ANALYSIS  SYSTEM 
W.  L.  Clark  and  J.  L.  Green 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 
Boulder,  Colorado  80303 


1 . INTRODUCTION 

. vloc  j'ss.-: s'rsc'iif zzzzsr™*' 
str  ~ z?  "'**  sjrysi.ssi  “* b- 

faSilLiesVeySis°proc^seof  data  communication  can  be  greatly  facilitated  by 

redundant  effort  re-developing  display  and  analysis  systems. 

Tn  tnpet  this  need  we  are  developing  an  off-the-shelf  "plug  and  play" 

. Here  we  describe  the  workstation  as  presently  implemented  for 

j^nnesota , ''and^Illinois1''  W^als^discus^some" problem^associated  with°the 
rapidly  changing  computer  technology. 

2.  FLATLAND  DATA  ANALYSIS  SYSTEM 

Implementation  o£  the  cn.1,.1.  .»«-  began  In  1985^ 

selection  .'te^hen'.^ilable . the  Mecmtosh  t{^(™ 

indicates  a c n.demmnlt^^ eC •* le^in  ^“*e5*h“dt**e'“"S‘?vc“nM°powetf ol 

s^rrssri* 

“f^hpc°c«P.tible,  and  a.  had  a large 

computer  choice  still  seems  adquate  in  1988. 

Once  the  computer  system  was  determined,  a study  was  made  to  determine 

n,,~  ■ *.•= .. 

Graphic'”  as  the  plotting  library  package  of  choice. 
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TABLE  1 

CRITERIA  FOR  COMPUTER  SELECTION 


* Computing  Power 

Speed:  10  MHz  or  faster  clock 

Memory  available  to  user  program  640  K or  more 

- Open  Architecture 

• Well  Documented  Bus 

• Available  Expansion  Slots 

* Stability 

- Upgradability 

• Software  Upward  Compatible 

• Peripheral  Interfaces  Upward  Compatible 
' Third  Party  Support 

- Good  Track  Record 

* Cost 


- Computer 

- Software 

- Peripherals 
* Availability 

- Computer 

- Software 


* 


* High  Level  Languages 

* Well;documented  and  Debugged  Operating  System 

• Applications  Libraries 

• Peripheral  Drivers 
- Peripherals 


• 1600  cpi  9 -track  Tape  Interface.  Industry 

• Readily  Available  with  Multiple  Sources 
- Appropriate  Commercial  Packages 

General  Acceptance  in  User  Community 


Compatible 


Our  preliminary  ch.le,  1,  dUSs' "b""  e i ^ ““  ■ 

The  exact  make  and  model  for  the  Drinter  fc  not-  i , 

Simile61”  S°f1tWare  may  not  work  if  EpsonSm  FX  compatibility's  not  available 

rranhfr  3 plot^er  is  most  likely  to  be  supported  if  it  is  HPGL^m  (HP 

Graphics  Language)  compatible.  L 

arbitarv  ^We^hos  3 part*Cula5  W0RM  °Ptical  disk  drive  system  was  somewhat 

and  tha^seems  to  je^i^  i^popularity . ^°However°™hich 

iJerStor- 
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More  specific  identification  of  the  components  of  the  system  are  detaiiled 
in  Table  2 . 


TABLE  2 

FLATLAND  DATA  WORKSTATION  COMPONENTS 


II 


Hardware 

A.  Compaq  386  or  compatible  microcomputer 

1.  80386  CPU  t . . 

2.  EGA  color  graphics  card  (VGA  would  be  better; 

3.  40  MByte  hard  disk 

4.  1.2  MByte  5.25"  floppy  disk  drive 

5.  3 MByte  RAM 

6.  80387  numeric  co-processor  chip 
Storage  Dimensions'  LaserStortm  LS800  Optical  Disk  Drive 
Epson  FX- 86e  dot  matrix  printer  (other  Epson  FX- 

compatibles  would  do) 

HP  7475A  6-pen  plotter 
Software 

A.  MS-DOS  operating  system  . 

B.  Microsoft  program  editor  (other  editors  would  also  work) 

C.  Microsoft  C 5.1  compiler 

D Scientific  Endeavors'  Graphic  C plotting  library 
E.  Aptech  Systems ' GAUSSC  2.0  matrix  handling  system 


B . 

C. 

D. 


3. 


SUMMARY 


Today's  personal  computers  have  sufficient  power  to  handle  the  data 
Lftw.t.  pl.tfot..  «.  detailed  In  Table  2.  Although  -1 

Msrrs;  - - 

commercial  data  processing  package  have  a more  uncertain  future. 


COMPAQ  Deskpro 
EPSON  FX 


GAUSS 


Graphic 


HP  7475A 


IBM -PC 


LaserStor 


Macintosh  II 


MATLAB 


Microsoft  C 
MS-DOS 


TABLE  3 
TRADE  MARKS 

COMPAQ  Computer  Corporation 

Epson  America,  Inc. 

2780  Lomita  Boulevard 
Torrance,  CA  90505 

Aptech  Systems,  Inc. 

26250  - 196th  Place  S.  E. 

Kent,  WA  98042 
(206)  631-6679 

Scientific  Endeavors  Corporation 
Route  4,  Box  79 
Kingston,  TN  37763 
(615)  376-4146 

Hewlett  Packard 
San  Diego  Division 
16399  West  Bernardo  Drive 
San  Diego,  CA  92127-9989 

International  Busines  Machines  Corp 
1-800-447-4700 

Storage  Dimensions 
2145  Hamilton  Avenue 
San  Jose,  CA  95125-9870 
(408)  979-0300 

Apple  Computer 
10260  Bandley  Drive 
Cupertino,  CA  95014 

The  Math  Works,  Inc. 

21  Eliot  Street 
South  Natick,  MA  01760 
(508)  653-1415 

Microsoft 

10700  Northrup  Way 
Bellevue,  WA  98004 
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PREPARATION  OF  AN  ARCHIVAL  DATA  BASE  FOR  THE 


POKER  FLAT,  ALASKA,  MST  RADAR 


A.  C.  Riddle 


Cooperative 


Institute  for  Research  in  the  Environmental  Sciences 
University  of  Colorado 
Boulder,  Colorado  80305 


K,  S.  Gage  and  B.  B.  Balsley 
Aeronomy  Laboratory 

National  Oceanic  and  Atmospheric  Administration 

Boulder,  Colorado  80303 


1 .  THE  DATA 

ai  i,_  mqt  radaY  ooerated  by  tbe  NOAA  Aeronomy 
Data  from  the  Poker  Flat,  Alas  , throuch  June  1985.  The  raw  data 

Laboratory  have  been  recorded  from  ar<T  b most  analysis  to  date  has  been 

base  included  Doppler  spectral  n orma  » quantities  derived  from 

done  using  a -compacted"  <Uti ^he velocity,  width  and  signal 
the  Doppler  spectra.  The  derive  q h height  (CARTER  et  al . , 1983; 

power  of  the  greatest  peak  on  the  sP®ctrum  larReStepeak  corresponds  to  a 

CLARK  AND  CARTER,  1983).  For  many&^  °he  derived  parameters  are  of  great 
return  signal  from  the  atmosphere  an  These  records  we  will  call  "genuine" 
interest  in  studies  of  the  atmospher  . Doppler  spectrum  consists  solely 

signals.  Where  there  is  no  return  echo • ^^“j^eful  information 
of  random  noise  and  the  derive  P shall  call  "noise”.  There  also 

regarding  the  corresponds  to  power  reflected  from  an 

exist  records  for  which  tne  iarg  f b known  or  unknown  causes, 

aircraft,  some  in^®r^f  1r^Sp°rtous"  . Most  persons  using  the  compacted  data 
rJT SLV ieiecriid  concentrate  only  on  the  genuine  signal  records  and 
ignore  the  spurious  and  noise  records. 

2.  SIMPLE  SELECTION 

The  simplest  selection  technique  ihood  of  a noise  signal 

signals  from  noise  is  based  on  the  fa  function  of  the  threshold  level, 

exceeding  some  threshold  value  s a decreasing  ted  t0  exist, 

By  setting  a threshold  above  which  few  n 1E  hi  her  and  safer  the 

->*  — analysis- 

3.  MORE  COMPLICATED  SELECTION 

Use  of  other  characteristic  differences^between^noise^and  g^  such 

allows  more  sophisticated  selection  pro  However,  for  good  technical 

characteristic  is  the  maximum  expec  maximum  measurable 

reasons,  the  radar  parameters  are  “^th a^th  ^ ^ ^ ^ ^ 

■Z\°°JSL  Kde“S“  ' ■^“unTv.l.UU.,  greater  than  the  ..al—  eapecre. 

velocity. 

Continuity  of  velocity  U . oh.r.ot.rUtio^Mch^r.vid.,^ 
much  .ore  effective  selection  mechanism.  ^ between  measurements,  a very 

variation  of  velocity  is  grea  er  made  The  filter  uses  a velocity 

effective  filter  for  removing  noise  can  be  made f The  t velocity  and 

ssrs:  s^.“-*STS.g 
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S^ta'LnafeffL  to  s-h  • filter.  For 

velocity  and  the  size  was  based  on  a nm„!°td  at-th®  running  mean  of  the 
between  the  mean  and  the  current  value  The  window5  «***  absolute  difference 
larger  than  a minimum  value  to  Lco^odat^thl  constrai"ad  to  be 

field  with  time.  This  type  of  fm^  i!  h changing  character  of  the  wind 
commonly  called  "outliers"  However  1 Very  effective  in  removing  what  are 
filters!  it  is  possiJle  for  ^ "T' 

these  values  become  both  very  frequent  and  reLonabl^consistent3  ValU6S  '*** 

genuine  signals  is  their°rapidronsetS1often  in^an5*6"  distin®uishes  them  from 

total  number  increased  more  rapidly  than^ormarorex^ede^somrUmf t^"" 

4-  THE  CLEANING  SELECTION  PROCESS 

than  continue'to^ubject  tJe^rigiSa^  lilt  V"  that’  rather 

selection  algorithms,  it  would  bf  better  to^btfc^heVf*1"  C°  * variety  of 
cleaning  process  and  save  the  resulMna  « i 5 th  data  Set  t0  an  °Ptimal 

providing  users  with  a better  8 C!ean?d  data  set.  In  addition  to 

'-srs  5,  * 

cleaning0processbshouldSbeCanSelaboration^of r those  Algorithms  eC5t*e^  ***  ^ 

according  to  signIlCstrengthd  ^e  rank8^^"^1®"!1  ranSe  ls  ranked 

through  3 (if  in  the  rang!  3 dB  below  threshold?  2n?<  it*  Sb°Ve  threshold> 
rank  3)  and  1 (if  even  lower).  The  ranees  with u range  3 dB  b*l°w 
determine  a background  noise  level  as  t-L„  k 1 echoes  are  used  only  to 

signals . At  the^ame  Ume l a rlcLd  q£utv  C°ntain  no 

the  character  of  signals  of  ranks  3 and  a y indicator  is  formed  by  examining 
often  appear  over  mfny  ranfe  gaSes  and  so  'a  dd^f  bef°re ’ SPurious  signal! 

strong  signals  in  the  range  35  to  4S  u lgnaJLs.  Also,  the  presence  of 

signals,  is  a potential  trouble  indicator  ^e  Ju^i^indr8^  "°  «enuine 
(spurious  signals  likely)  to  3 (spurious  ’ uality  indica^ tor  ranges  from  0 

- •« -- 

ranks  at  that  tang.,  ^^th^ten  data^ets**.,^  by  addlng  che  signal 

lowered  to  1 if  the  same  likelihood  measurlHr!  low^The  ‘ IC  ls 

or  lowering  are  more  or  less  cfrin00nf-  are  i0W*  The  criteria  for  raising 

the  quality  indicator  for  that  record  t0  b°th  the  oriSlnal  rank  and 

those  signals  occurring  in  close  proximitv  to^h*88  ten?S  t0  select  as  genuine 
the  same  time  reiectine  1 ! proximity  to  other  genuine  signals,  while  at 

randomly  The  proceJs  is  without  direr tf  ! hei6hts  or  occur 

could  be  reversed  without  changing  She  resul^  Th^dr^h  or.  ranSe  order 
to  reject  meteor  echoes  which,  because  of  their  random rawback  is  that  it  tends 
tic.  lock  more  Ilk.  nola.  than  g.nnln,  %££ 
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«.ng.  g.».  « «*  “*  “‘“tU  *'IU  d°  P“‘  "“y 

meteor  echoes . 

Having  made  lejarately^o 

width  parameters.  The  wi  amount  of  computation  within  reasonable 

each  parameter  In  order nd°aEsolute  delation  technique  of  the  simpler  selec- 
bounds  the  running  mean  and  absol  t to  reduce  the  directional 

tion  process  are  used.  However ' ^"ibut • on  \s  added  at  each  step  from  a data 

sensitivity  of  that  process  a contribution^  ^ a(Jded  refinement  is  that  the 

set  in  advance  of  the  one  und  Quality  indicator,  more  weight 

contributions  are  weighted  accord  6 only  when  both  velocity  and  width 

being  given  to  the  data  of  big  2rooriate  window  is  the  signal  accepted  as 
parameter  values  are  within  th  pp  P the  window  mean  and  size  values 

genuine.  After  each  heig  jj  filter  (as  a function  of  range).  At  all  ranges  a 
are  subjected  to  a This  smoothing  takes  advantage 

simple  triangular  ''f^ted  boxcar  is  app^  ^ useful  to  heip  prevent  the  win- 
of  the  continuity  of  the  data  in  g values.  Such  bad  values  are  quite 

dows  locking  on  to  persistent  ' saturation  often  generates 

common  in  the  two  lowe*  * for  „hich  there  is  no  genuine  signal  an 

false  peaks  in  the  spectra^  A |nsures  that  the  window  mean  tends  towards 

additional  component  of  the  filter  Thls  ensures  that  after  a sig- 

zero  and  the  window  size  to  the  lo  ^ d ;owards  data  values  that  existed 

nificant  data  gap  the  f^er  U not  Jifferent  below  and  above  40  km  and 

previously.  The  window  lover  limits  ar< e di  acc0mmodate  the  different 

also  different  for  vertical  and  oblique  da  timescale  for  parameter 

character  of  the  data  in  these  SJical  sampling  period  (1 

min^^'the^indow^ liters  ^UghS'less  ^ *“ 

on  the  oblique  data. 

Operation  at  Poker  Flat  was  such  that  ‘^^o^  iTth^  step 

occasionally  present  in  ^/“f^^S^a^S^ich  is  corrected  if 
above,  the  data  are  examined  for  potential  anabi  g, 

found . 

see  a mirror  image  copy  (!•«>..  tim  ensures  that  the  process 

the  end  of  a contiguous  set  ®^  d®ta^  similar  mirr  ^ ^ the  data  ls  as_ 

- vs  ■*- » ——  °r 

the  instrument  parameters  changed  significantly. 

After  th.  computet  program  has  originally  X'JiX’j 

i"  « P«-U.  I»  th.  flr.P  tt.  ^ b.  accepted  by  the 

or  4 is  presented.  This  data  higher  percentage  of  spurious  or 

simpler  selection  processes  and  contains  » However,  it  allows  the 

noise  signals  than  is  usually  c character  of  the  data  at  that  time.  On 

operator  to  get  a good  picture  selected  by  the  computer  using  the 

SjoStZS  Pab^.iSTheSPop:rator  the 

^nLSg'^Kt.  2T  » -p.  aud  arc  — - «- 

basis  for  the  "cleaned"  data  set. 

the  ™*.  rrt!i“iro‘u«»dk“ 

able  level  of  effort. 
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